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The search for and characterisation of galaxies at high-redshift is a very active topic
in Astrophysics. Thanks to advances in observations from space, the redshift frontier is
approaching the epoch of formation of first generation objects. Thus, these samples of
galaxies can give us insight into the processes that govern galaxy formation and evolu-
tion. One of the key observables used to characterise galaxy populations throughout the
cosmic history is their luminosity function (number of galaxies per unit luminosity per
unit volume), which requires knowledge and characterisation of the completeness and
selection functions of a survey, in addition to the catalogue of discovered objects. In this
thesis, we present a search for high-redshift galaxies (redshift z & 6) in two in the Hubble
Space Telescope surveys, the Brightest of Reionizing Galaxies Survey (BoRG), and the
Reionization Lensing Cluster Survey (RELICS) using a photometric selection technique
(the Lyman break dropout selection). We aim at using the resulting galaxy candidates
to estimate a new measurement of the luminosity function at z ∼ 10. To achieve that,
we develop GLACiAR, an open Python-based tool available on GitHub, which is designed
to estimate the completeness and selection functions in galaxy surveys. The code is
tailored for multiband imaging datasets aimed at searching for high-redshift galaxies
through the Lyman Break technique, but it can be applied broadly. The code generates
artificial galaxies that follow Sérsic profiles with different indexes and with customisable
size, redshift and spectral energy distribution properties, adds them to input images,
and measures the recovery rate. We finally apply GLACiAR to quantify the completeness
and redshift selection functions for J-dropouts sources (redshift z ∼ 10 galaxies). Our
comparison with a previous completeness analysis on the same dataset shows overall
agreement, but also highlights how different modelling assumptions for artificial sources
can impact completeness estimates.
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starting point.
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The Universe and its mysteries have always fascinated humans. Since the first civili-
sations, humans have studied the sky and its wonders, and have applied that knowledge
in their pursuits. The Ancient Greeks studied constellations and the shape of Earth.
The precise calendars of the Mayans were created using their knowledge of Astronomy.
Perhaps less known are the Incas, who also developed sophisticated calendars from their
studies of the cosmos, where they applied this knowledge to activities such as agricul-
ture [Carlson, 1976]. Often overlooked are the earliest civilisations known, the first
peoples of Australia. Several tribes had a particular interest in the Milky Way, and
phenomena such as eclipses, tides, and the solar dusk and dawn were noticed and given
an explanation by them as well [Norris, 2016].
Enormous efforts have been made throughout history to improve our understanding
of the Universe. These efforts have led to important discoveries, including predicting
phenomena such as eclipses almost a millennium ago; the Sun as the centre of the
Solar System, first with Plato in the second century and confirmed by Copernicus over
500 years ago and the discovery of the expansion of the Universe just two decades
2 1: Introduction
ago. As our technology improves, we are ever closer to a time in which we can form a
comprehensive picture of the formation and evolution of the Universe.
We know that it all started with the Big Bang, followed by the expansion of the
Universe. This expansion is known as Cosmic Inflation and is predicted to have occurred
very early on. This expansion was exponential, with space growing much faster than
the speed of light. This process explains why, at large scales, the Universe appears
flat and homogeneous. At the end of the inflationary period, new particles began to
form. As the Universe cooled, the Universe began to form neutral atoms and became
transparent. These atoms decoupled from photons, allowing us to observe the photons
today as Cosmic Microwave Background radiation. Small variations and instabilities
in the very early Universe, formed likely during inflation, were the seeds of what we
know as stars and galaxies today. These stars and galaxies formed from only primordial
hydrogen and helium, but processes such as supernovae and feedback began to produce
heavier atoms. The first stars and galaxies formed larger structures such as clusters
and superclusters, and over time more complex objects such as black holes formed.
Eventually, in orbit of one of the billions of stars inside the Milky Way galaxy, Earth
was formed.
Below we provide a more detailed summary of the history of the Universe with a
particular focus in the first galaxies.
Gravitational interactions play a key role in the formation and evolution of the Uni-
verse. Albert Einstein provided an equation that unified the description of gravity as





gµνR = 8πGTµν + gµν , (1.1)
where the left side describes spatial curvature and the right side the energy content.
To solve 1.1, certain assumptions are required. We assume the Universe is homo-
geneous and isotropic over large scales, which is known as the cosmological principle.
Using the Robertson-Walker metric1, the distance in space-time can be written as:
ds2 = dt2 − a(t)2
(
dr2




1We will be using geometric units, i.e., c = tH = DH = 1.
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a(t) is the so-called scale factor of the Universe, which is a parametrisation of the relative
expansion of the Universe; k is the curvature, a value of 0 is for a flat Universe, 1 for
open, and −1 is closed; ds is a spacetime unit; t is time; and r, θ, and φ are the spatial
comoving coordinates.






















G is the gravitational constant; ρ is the mass density; P is the pressure; and Λ is the
cosmological constant.
If we consider photons in equation 1.2, where ds = 0, and a flat Universe, we obtain
dt2 = a2(t)dr2. (1.5)
The dependence of the scale factor a(t) on t varies with time. For example, the scale
factor at early times follows a function of a ∝ t1/2, which later changes to a ∝ t2/3 . The
value of a(t) depends on the energy density in the Universe. At early Universal times,
the dominating form of energy is radiation, while matter dominates at later times. The





























The Hubble parameter in the current time is called the Hubble constant, and it is
indicated by a "0", H0.
H0 is often written as a function of a new dimensionless parameter, h,




The density parameter indicates the density of the Universe, and it is defined as
Ω ≡ ρ
ρc
≡ ΩR + ΩM + ΩΛ − Ωk (1.10)





A density above this value of yields a closed Universe, and a value below it yields an
open Universe.
Redshift is a measure of the scale of the Universe from when radiation was emitted
by a certain source in comparison to its present value. For a photon that was emitted
at a time t, with a wavelength of λemit, the photon we observe now will have a longer
physical wavelength, λobs with z being the redshift.






For a nearby source, i.e. z  1, a(t) can be expanded,
a(t) = a0 − ȧ(t0)(t0 − t). (1.13)
Using this definition of a(t) and equations 1.6 and 1.12, we obtain the Hubble law,
z = H0r, z  1, (1.14)
Distances in Cosmology
Due to the expansion of the Universe, measuring distances in Cosmology is not straight-
forward[Riess et al., 1998]. To take the expansion of the Universe into account, the
concepts of comoving distance and coordinates are used. Unlike proper distances, that
measure the space between two objects at a specific time, comoving distances account
for the expansion of the Universe. This means comoving distances and coordinates do
not change with time, while proper distances do. Following Hogg [1999], we present the
main equations describing useful measurements of distances.







ΩM (1 + z′)3 + Ωk(1 + z′)2 + ΩΛ
(1.15)
The transverse comoving distance, DM , is the distance between two objects in the sky,
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|Ωk|DC ] for Ωk < 0
(1.16)
The angular diameter distance is a measurement that relates the physical size of an





DA can also be defined in terms of the transverse comoving distance, which depends





The luminosity distance, DL, corresponds to the distance obtained from the relation





= (1 + z)DM = (1 + z)
2DA (1.19)
Lookback time, tL, is the time difference between the age of the Universe where the light
at a redshift z was emitted, and the age of the Universe at the time of the observation.







ΩM (1 + z′)3 + Ωk(1 + z′)2 + ΩΛ
(1.20)
1.0.1 Constituents of the Universe
The Universe is predominantly composed of Dark Energy, Dark Matter, and only a small
percentage of visible matter. The latest estimations for the their relative occurrences
are ∼ 68%, ∼ 27%, and ∼ 5%, respectively [Planck Collaboration et al., 2018].
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Visible matter is the matter we see every day. This matter is composed of protons,
neutrons and electrons.
Dark Matter is a type of non-relativistic matter. Its existence was first proposed
by [Zwicky, 1933]. While we cannot observe dark matter directly, evidence for the
existence of Dark Matter includes the rotation curves of galaxies [Rubin et al., 1980]
and gravitational lensing [e.g., Blandford and Narayan, 1992]. The elementary particle
of Dark Matter is not known but predicted candidates are mainly types of Weakly
Interacting Massive Particles, WIMPs [see Jungman et al., 1996].
Dark Energy is currently the least understood constituent of the Universe, and it is
a strong candidate for what may drive the expansion of the Universe, where it can be
defined as a candidate to be cosmological constant, Λ [Peebles and Ratra, 2003].
During different stages in the history of the Universe, different energy types have
dominated over the rest, which dictates the behaviour of the scale factor and therefore
the expansion of the Universe [e.g., Dodelson, 2003]. Some possible scenarios are listed
below,
1. Radiation dominated, a(t) ∝ t1/2.
2. Matter dominated, a(t) ∝ t2/3.
3. Curvature dominated (k < 0), a(t) ∝ t.
4. Cosmological constant dominated, a(t) ∝ exp(Λt/3).
1.0.2 ΛCDM model
This model is also referred to as the Standard Model of Cosmology. In this model, dark
matter is cold, and the expansion of the Universe is driven by a cosmological constant,
Λ. Hence the name, ΛCDM.
This model describes the universe as containing matter, radiation, and Dark En-
ergy, whose combined energy density determines its expansion. These three kinds of
matter-energy are modelled macroscopically as a perfect fluid and are thus completely
determined by an energy density ρ and a pressure p, with different equations of state.
Simulations reproducing this model Universe formation with CDM particles show
that the structure consists of filaments, walls with characteristic sizes of R ∼ 100h−1
Mpc, and voids. The overdensities are called dark matter halos.
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Parameter Value Units
H0 67.4± 0.5 km s−1 Mpc−1
ΩΛ 0.685± 0.007 N/A
ΩM 0.315± 0.007 N/A
Ωk 0.001± 0.002 N/A
Table 1.1: Estimated values for the cosmological parameters of the ΛCDM model according
to Planck Collaboration et al. [2018].
One of the keys to the success of this model is because it is capable of reproducing
observations such as the anisotropies in the CMB [e.g., Planck Collaboration et al.,
2016]; data from Supernova type-Ia (SNIa) [e.g., Planck Collaboration et al., 2016];
Baryon Acoustic Oscillations observations [e.g., Planck Collaboration et al., 2016]; and
the HST measurement of the Hubble parameter [e.g., Planck Collaboration et al., 2016],
among others.
Conflicts using this model have arisen recently with for example tension between the
results from Hildebrandt et al. [2017] and Planck or local measurements of H0 being
higher than that inferred from the CMB [Riess et al., 2016]. Another weakness is its
current inability to probe the existence of Dark Energy.
The latest values for the cosmological parameters as measured by Planck Collabora-
tion et al. [2018] are listed in Table 1.1
1.1 Early Universe
The Universe is 13.8 billion years old. Throughout this time, it has gone through several
phases that have shaped what we observe nowadays. In this section we will describe the
major milestones of the cosmic history of the Universe. A schematic diagram depicting
these stages is shown in Figure 1.1.
The Big Bang can be defined as a gravitational singularity that thrust the Universe
in to existence 13.8 billion years ago. Immediately after the Big Bang, the Universe was
extremely dense and hot, with a temperature of the order of 1032K. All particles were
mixed together in a photo-baryonic fluid, and the Universe was opaque. At this time,
there were no neutral atoms or even bound nuclei, as high energy photons destroyed
any atom or nucleus. As the universe cooled to below the binding energies of typical
nuclei, low-density elements started to from.
The standard Hot Big Bang scenario fails to account for some of the properties of the
Universe about what we observe today. Examples include:
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• The Flatness problem. This relates to the small random probability of the Uni-
verse being as flat as it is observed nowadays. For the total density parameter to
be of order unity today, it must have been extremely close to 1 at earlier times,
which means that a very precise fine tuning of this parameter was necessary.
• The Horizon problem. The Universe follows the cosmological principle, which
means it is at equilibrium. In the Hot Big Bang model this would not be possible
as particles would not have been in casual contact. Therefore, they would be
unable to reach thermal equilibrium with such far away particles.
• The lack of monopoles. One of the relics of this scenario is monopoles. The
predicted number of them means that they would have had to be detected, which
they haven’t.
These problems can be solved with a particular set of solutions to the Einstein’s equa-
tion. However, the probability of these solutions occurring is nearly 0, which is known
as a "fine tuning" problem. A more natural solution to the aforementioned issues is
a theory that supports an exponential growth. This is an inflationary model, i.e. a
model where ä > 0. This would also explain macroscopic inhomogeneities and haloes
as results of primordial microscopic inhomogeneities.
Inflation models started to appear in 1978, with Starobinsky [1980], however these
models are very different to what modern inflationary models. The first paper to de-
scribe a more modern inflationary model was Linde [1982], and with some modifications,
chaotic inflation was born [Linde, 1983]. This theory accounted for most of the prob-
lems of previous inflation models and is today considered the standard model. There
remains no consensus on all of the small details regarding inflation, with numerous
different models proposed, but there are enough common properties that allow us to
describe an overview of the process.
In the most accepted models of inflation [e.g., Linde, 1983], the vacuum energy density
was much higher than today, with ΩΛ dominating the Hubble expansion. This expansion
starts at the Planck time, tPlanck = 10−43 seconds, while the total duration of inflation
is t ∼ 10−30 seconds. It occurred when the strong nuclear force separated from the
electroweak force. This expansion was exponential, with space growing much faster
than the speed of light.
A manner in which Inflation can be defined is as the period when the Hubble length,
in comoving coordinates, decreases.
a(t) ∝ exp(Ht) (1.21)
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The inflation period produced an accelerated expansion of the Universe driven by the








The details about what happened after the inflationary phase are not well understood,
but it is expected that a reheating transition took place. In this phase the vacuum
energy density is transformed into normal matter and radiation, which ends exponential
expansion. It is presumed that the normal Friedmann evolution took place after this.
This process triggered sound waves that travelled across the primordial hot plasma.
These inflationary perturbations lead to density perturbations that produced the col-
lapse of Dark Matter haloes. The gasses inside them could cool and collapsed further to
form the first stars and galaxies. Perturbations are sound waves propagating in plasma
with time-independent amplitudes.
Before the epoch of Recombination, the so-called Big Bang Nucleosynthesis took
place. This is an epoch of nuclear fusion, in which deuterium was formed from neutron
and protons. Successive chains of fusion would form heavier nuclei. The synthesis of
deuterium was expected to occur at a temperature of ≈ 6 × 108K, which corresponds
to a Universe only t = 300 seconds old. After this time has passed and the Big Bang
Nucleosynthesis process has ended, the Recombination epoch starts.
1.2 Recombination
The process of Recombination started when the temperature dropped to about T ∼
3740K. During this period, the baryonic component of the Universe evolved from an
ionised plasma to a gas of neutral atoms. This process can be mathematically described
as the instant at which the number density of ions is equal to the number density of
neutral atoms. This is closely related to the process by which the universe goes from
being opaque to being transparent. Free electrons bonded with protons and formed
atoms of neutral hydrogen. This neutral hydrogen was transparent to light, allowing
photons to travel freely, forming the "observable Universe" at a redshift of z ∼ 1090.
Before the period of Recombination, when the Universe was fully ionised, photons
interacted primarily with electrons. The main interaction mechanism was Thomson
scattering. The optical depth for the Thompson scattering implies that photons can
propagate from the time of the last-scattering surface, at z ∼ 1000, until the present
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Figure 1.1: Schematic diagram showing the major milestones in the history of the Universe
since the Big Bang.
day without being absorbed by light-matter interactions. It is important to note that
this is only for photons with a wavelength larger than 1216Åbecause the absorption
cross-section for Lyman-α photons is too large.
At the end of this epoch, photons and baryons had decoupled and baryons became
pressure-free for the first time. Because of the gravitational interactions, they started
following the distribution of Dark Matter and fell into their potential wells until they
became gravitationally bound. However, their evolution was not identical, as baryonic
matter interacts differently than dark matter, being subject to processes such as cooling,
heating, and friction, among others.
1.3 Cosmic Microwave Background
Predicted by Gamow [1946] and observed for the first time by Penzias and Wilson [1965],
the Cosmic Microwave Background (CMB) is a relic of thermal radiation from the early
hot phase of the Universe, when matter and radiation were in thermal equilibrium. The
cosmic expansion of the Universe caused these background radiation photons to cool
to a temperature of T ≈ 2.73K. As they are further redshifted they continue to lose
energy.
The Thomson scattering optical depth, τ corresponds to the scattering of photons by
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free electrons and it parametrises the total column density of free electrons along each
line of sight that encounters the CMB radiation, i.e. it measures the opacity of free
electrons from CMB radiation along the line of sight. This is observed as the amplitude
of the polarisation of the CMB.
Photons can propagate from z ∼ 1000 onward without interacting with matter. The
redshift at which this occurs is known as the surface of last scattering. The exception
to this is photons with a wavelength of λ ≤ 1216Åsince the absorption cross section of
these atoms is too large to escape matter interactions.
The physics behind CMB is well understood, and therefore allows us to study the
standard cosmological model and determine its parameters with high precision.
According to the model of the Universe we have described, the Universe was inho-
mogeneous by the time of the surface of last scattering. Therefore, we expect that
the CMB radiation would show evidence of inhomogeneities, which is observed in the
form of small anisotropies. The scale of the expected anisotropies is determined by the
constituents of the Universe. A Universe with Dark Matter would present a CMB with
smaller anisotropies than a Universe with a larger amount of baryonic matter.
For a long time, fluctuations in the CMB were searched for, as these fluctuations are
the precursors of the large scale structures we observe around us. Finally, the Cosmic
Background Explorer Satellite [COBE; Mather et al., 1990] detected these fluctuations.
They have been further constrained by the Wilkinson Microwave Anisotropy Probe
[WMAP; Spergel et al., 2003, Hinshaw et al., 2013], and the Planck satellite [Planck
Collaboration et al., 2016, 2018], and fluctuations have been measured to the order
of O(10−5). Figure 1.2 shows the temperature fluctuations D` as a function of the





In the Figure, we can see fluctuations up to scales of ∼ 0.07◦.
1.4 Gravitational instabilities
Gravitational instabilities are responsible for the evolution of structure in the Universe.
When the Universe was dominated by matter, the regions with larger density would
expand at a slower rate than the less dense regions. Therefore, these overdense regions
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Figure 1.2: Temperature power spectrum of the CMB in the high-multipole likelihood ` =
30−2508 from [Planck Collaboration et al., 2016]. The measurements are in blue and the error
bars are in gray.
became the first structures, provided they collapsed and became gravitationally bound.
On the other hand, less dense regions became continually less dense as the Universe
expanded.
The origin of density fluctuations comes from quantum fluctuations from the Big Bang
era that expanded to macroscopic scales during the inflationary epoch. Theoretical
models suggest that all objects separated for 150h−1Mpc were outside the horizon after
inflation, and thus were not able to interact. This strongly suggests that the seeds of
the overdensities and voids present today had already formed before inflation took place
[e.g., Einasto et al., 2011].
Acoustic oscillations in the fluid with coupled photons and baryons produced the
peaks in the CMB angular power spectrum and the lower amplitude peaks in the mat-
ter power spectrum. This happened during the matter dominated epoch. The CMB
anisotropies measured are very small, which implies that by the time the CMB pho-
tons last interacted with matter, presumably at z ∼ 1000, the fluctuations were also
small. Obviously, the perturbations grew over time, as the inhomogeneities we observe
today are large in comparison. The growth of these density fluctuations are caused by
self-gravity.
The power spectrum P (k) can be used to describe the statistical properties of matter
distribution in the Universe [Yu and Peebles, 1969, Peebles, 1973]. It describes the
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level of structure as a function of the length scale L ' 2π/k, with k the comoving
wave number. The initial power spectrum is a powerful tool in Cosmology, and it is
predicted theoretically. The measurements made for later times can be compared with
the predictions for the power spectrum, making it a powerful tool to understand the
Universe.
The shape of P (k) immediately after Inflation can be described as
P (k) ∝ kn, (1.24)
with n = 1 in most inflation models. However, its shape changes after the end of this
process.
The modifications of P (k) depend on the type of dark matter, whether is cold dark
matter (CDM) or hot dark matter (HDM). The difference between these two models
is the velocity of the constituent particles. In the cold dark matter scenario, the dark
matter particles are non-relativistic at the time they decoupled from other components
of the Universe. Whereas in hot dark matter scenarios, the constituent particles are
relativistic.
The proposed HDM particles are not able to produce the first fluctuations, and a
smoother early Universe is predicted in this case. Therefore, HDM models cannot
explain galaxy formation, which lead to structure formation that does not agree with
observation. We can therefore exclude HDM as the dominant constituent of dark matter.
The CDM models predict a hierarchical formation of structures. Small overdensities
overcome the expansion of the Universe and collapse first. These Dark Matter haloes
merge together to form larger haloes where galaxies are formed. This process is still
occurring, billions of years after the Big Bang, meaning galaxy formation still occurs.
The cosmological principle is only valid for large scales. At small scales, the Universe
is far from being homogeneous and isotropic. The scale at which the Universe seems to
be homogeneous is R & 200h−1Mpc [Schneider, 2015].
The inhomogeneity of the Universe at small scales is supported by all types of struc-
tures, including galaxy clusters, galaxies, and stars. The anisotropies are observed in
the CMB, which shows fluctuations of about ∆T/T ≈ 10−5 [Planck Collaboration et al.,
2016].
The angular size ∆θ of a temperature fluctuation in the CMB can be related to a






where dA is the angular diameter distance (see equation 1.17) to the surface of last
scattering.
By using this relation, the sizes of anisotropies on the CMB spectrum can be converted
to current sizes. For example, some of the first fluctuations measured by the Cosmic
Background Explorer Satellite [COBE Mather et al., 1990] had a proper size of l >
1.6Mpc, which corresponds physical scales of & 1700Mpc today, which is larger than the
known superclusters. With measurements of higher resolutions, the CMB fluctuations
have been measured at l ≈ 0.004Mpc, for example. This is of the order of superclusters,
corresponding to l ≈ 40Mpc.
1.4.1 Baryons and Dark Matter Haloes
Baryonic matter consists mainly of atomic nuclei and electrons. The collapse of the
baryonic matter in the early Universe is expected to give way to the first stars. The
characteristics and conditions for this to happen have been largely studied in Astro-
physics, and they can be challenging as many aspects need to be taken into account.
Before recombination, baryons and photons were coupled, forming a fluid. This fluid
does not follow Dark Matter gravitationally due to the pressure produced by the pho-
tons. In the Cold Dark Matter model, potential wells in non-baryonic Dark Matter
form before decoupling, into which baryons may fall after decoupling because of grav-
ity. Haloes form by the unification of less massive haloes (subhaloes) into more massive
ones. Afterwards, the higher mass newly formed halo reaches a new equilibrium by
relaxation, which can be violent or quiet.
Dark matter haloes are the most basic structure which matter collapses into, and this
gravitational collapse is not the only ingredient that forms stars; a sufficient amount
of cold dense gases required as well. In the Dark matter haloes that contain baryons
in the form of gas, the baryons cool down by radiating photons and move towards the
centre of the halo. This produces a change in the gravitational field, and the halo
slightly contracts. The non-linear collapse of dark matter overdensities occurred on
characteristic scales that became larger with time. Therefore, the typical collapsed halo
mass grows with time.
The gas collapses in a quasi-spherical way. The large thermal pressure creates a
peaked density distribution, suppressing collapse at small scales until the density in-
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creases considerably. This gas will continue to collapse to proto-stellar densities before
fragmentation occurs, for which the fragmentation process is not very relevant according
to most studies [Glover, 2005]. The type of fragmentation will determine whether only
one or several stars are produced in the Dark Matter haloes. If the dominant process
continues to be quasi-spherical collapse, then only a single proto-star would form. On
the other had, if a gravitationally unstable disk is formed, then the gas is prone to
fragment into several stars.
There are two minimum mass thresholds for star formation, which are the Jean mass
and the cooling mass. In the case of the first objects, the minimum mass is dictated by
the cooling mass, which sets a lower limit on the halo mass of ∼ 5× 104 M at z ∼ 20
[Loeb and Barkana, 2001]. The virial temperature of a collapsing cloud is determined
only by its mass and its virialisation redshift. Therefore, if the virial temperature is
high enough to produce a molecular hydrogen fraction of order of∼ 5× 10−4, then the
cloud will collapse [Tegmark et al., 1997]. The gas will heat up as a consequence of the
collapse, either via adiabatic compression or due to shock heating.
The temperature of the gas plays a very important role. If the gas were unable to
cool, there would be no further collapse, and consequently no gas fragmentation and
star formation. The gas would simply persist in hydrostatic equilibrium and follow the
density profile of the Dark Matter. The coupling between baryonic and Dark Matter
induces momentum transfer between them hence their temperatures, Tb and Td, evolve
together. Cooling in the primordial gas had to rely on molecular hydrogen (H2), since
metal-line cooling common in local Universe star formation was not available. Therefore,
to determine the cooling rate of the gas accurately, an understanding of the thermal
and chemical evolution of the gas is required.
The pressure of the gas also plays an important role as it halts the collapse, main-
taining the gas density constant. For the gas to collapse and eventually form the first
stars, the baryons have to be able to dissipate energy rapidly through cooling.
The baryons and the potential wells of dark matter in which they were embedded in
the early Universe will be the progenitors of the first small structures. These galaxies
form after stars, and these first stars play a key role in this process by defining the
initial conditions of the broader Universe.
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1.4.2 End of the Dark Ages
The so-called Dark Ages are the period between Recombination and the formation
of the first stars. Stars formed in the cooled gas of baryons in the aforementioned
overdensities. In the cores of these halos, the density and temperature of the gas have
to reach sufficiently high values to ignite nuclear fusion and burn brightly as a star.
As previously mentioned, the haloes that host the first stars are expected to have a
minimum mass of 5 × 104M at z ∼ 20 according to Loeb and Barkana [2001], with
other authors suggesting actual values of ∼ 105 − 106M [Abel et al., 2002, Gao et al.,
2007, Bromm and Yoshida, 2011].
The process of formation of primordial stars is not completely understood. However,
what has been discovered points to the fact that the first stars were very massive. This
is due to molecular hydrogen cooling properties, which keep the Jeans mass high. It is
expected that with higher resolution simulations some of the gaps around the knowledge
of this process are filled.
In the primordial small haloes, the first stars could have formed at redshift z ' 55−60,
which is the redshift at which the first mini-haloes encompassed all of the required
ingredients [Bromm et al., 2009, Trenti and Stiavelli, 2009, Naoz et al., 2006].
As the cosmic density field in which the first stars formed are expected to be strongly
clustered [Gao et al., 2007], feedback effects from these stars are crucial in the formation
of the galaxy. They are the most likely source of the first heavier elements produced in
stars and galaxies we observe today. It is expected that the imprint of these processes
could be observed.
Stars: Population II and Population III
The first stars formed from hydrogen and helium only as this was the only gas available
in the Dark Matter haloes. Since the heavy elements had not yet been created, these
first stars are expected to have no metals. They are called Population III (Pop III)
stars. Compared to the stars we observe now (with the same mass), they were hotter
and more luminous and had shorter lifetimes - ∼ 2− 4 Myr [Schaerer, 2002].
Population III stars explode as supernovae and enrich the intergalactic medium [e.g.
Nomoto et al., 2006]. As a result of these supernovae, the gas in the halo is likely to
be blown outside of the halo, thus preventing further star formation. Apart from Dark
Matter and primordial gas, the haloes also contain gas enriched with metals by the
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Population III stars. These metal-enriched gasses are both more efficient in cooling and
can eventually form Population II stars.
The search for stars that belong to this population has been a very active topic
in Astrophysics. Finding them would further support the current theory of galaxy
formation. Although some studies have claimed detection of these stars, such as in the
recently discovered galaxy CR7 [Sobral et al., 2015], they have been questioned [Bowler
et al., 2017b]. As yet, we have no definite detection of said stars.
1.4.3 First Galaxies
At the time of Recombination, around z ∼ 1090, the Universe went from being opaque
to transparent [Hinshaw et al., 2013]. Up to this point, baryons and photons had been
coupled. Then, the baryons became pressure free and followed the density distribution
of the dark matter. Since both baryons and photons interact differently when subjected
to the same processes, they evolve in different ways. The photons were able to escape
and travel, which we detect today as CMB.
The ΛCDM model (see Section 1.0.2), built with key input from CMB observations,
provides a distribution of haloes where galaxies can form. The large scale structures we
observe in the Universe today were produced by density fluctuations, which grew via
gravitational instability. One of the remnants from the early fluctuations can be found
in the temperature variations of the CMB [Smoot et al., 1992].
In order to understand the formation of galaxies, we must first be clear in defining
what we consider to constitute a galaxy. For the purposes of our work, we will require
that a galaxy consists of: a bound dark matter halo, with a potential well, with a stellar
system inside that well. This system is often associated with an even larger gaseous
circumgalactic medium [Shull, 2014].
Galaxies formed from the inhomogeneities in matter produced by the gravitational
instabilities. From the ΛCDM model, we know that the formation of structures in the
Universe is hierarchical, forming smaller sources first and larger structures only later in
time through merging processes. The potential energy in the dark matter haloes heats
up the gas, and if the gas is able to cool down by radiative processes it can collapse into
dense structures. These are the first stars, which began to form at z ∼ 30 [Loeb and
Barkana, 2001].
The details of how and when exactly star formation was triggered is still an open dis-
cussion, but all studies agree that the gas supports star formation in galaxies. Galaxies
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grow hierarchically from small to large objects. This is achieved by mergers of two
or more haloes or by accretion of surrounding matter. When the gas in the halo cools
down it can sink in the middle, and form a disk because of its angular momentum. After
reaching a certain density, stars begin to form in a more efficient manner, producing
galaxies.
The star formation process is regulated by feedback resulting in winds at large scales.
These winds are produced by the stars exploding as supernovae and by accreting black
holes from Active Galactic Nuclei (AGNs). The process of feedback and the interac-
tion between the aforementioned types are not fully understood. However, it can be
summarised that the supernova feedback is driven by the explosion of the star, which
causes an increment in the temperature of the interstellar medium, halting star for-
mation. Regarding AGNs, the cooling gas in the atmosphere surrounding galaxies is
heated through radiation and this causes the rate at which the gas can cool to drop
[Benson, 2010].
It is still unclear whether there are galaxies with only Population III stars or whether
these ones gave way to Population II stars and formed the first galaxies afterwards
[Maio et al., 2011]. According to [Johnson et al., 2008], most first galaxies hosted at
least one primordial star after their formation. However, some of the mini-haloes that
merged and formed the galaxies had already formed Population III stars before merging.
This study also concludes that metal free galaxies are less likely to exist even in the
first newly formed galaxies because of supernovae explosions that chemically enrich
the system. Furthermore, recent simulations have indicated that heavy elements were
produced and dispersed at a fast pace, which led to fast enrichment of the medium. All
this evidence suggests that galaxies formed exclusively by Population III stars might
not have existed.
1.5 Reionisation
As we have noted, the Universe went from being ionised to being neutral during Re-
combination. However, there must have been a process by which the Universe became
ionised again, otherwise we would not be able to observe structures. This process is
known as Reionisation.
Reionisation is not an instantaneous process, but the range of redshift at which it
occurred is not yet entirely constrained. The most recent measurements of [Planck
Collaboration et al., 2018] suggests a redshift of z = 7.68 ± 0.79 as a mid-point value,
with the whole process probably spreading over a period of the order of hundreds of
§1.5 Reionisation 19
gigayears.
The mechanism that drives Reionisation is photoionisation. The sources responsible
for these ionising photons is still not entirely clear. AGNs were a natural choice as
they are bright sources. However, it has been found that the ionising flux required is
insufficient if only provided by AGNs [Willott et al., 2010], due to the decline in the
quasar luminosity function for z > 3. Nowadays, results lean towards the first galaxies
[e.g. Yan and Windhorst, 2004, Kashikawa et al., 2006, Robertson et al., 2013] as likely
sources. The first stars have a high temperature and energy, and they are much more
efficient sources of ionising photons. However, individual stars are born in isolation,
for which they are not the main contributors to the Reionisation process. Instead, we
require groups of stars, in the first galaxies.
In the Dark Matter haloes, efficient star formation occurs and the first proto-galaxies
form. The stars in these structures will ionise the intergalactic medium close to them.
These ionised regions will keep expanding because there are more photons available. For
very dense regions, i.e. regions with several haloes, the haloes with ionised hydrogen
will overlap and coalesce until the entire Universe is ionised. These haloes of HII are
sometimes referred to as bubbles.
In order to understand the role of galaxies in this process, it is necessary to esti-
mate the total ionising radiation coming from galaxies, nion. Following the notation by
Robertson et al. [2013], this can be expressed as the multiplication of three quantities:
- ρUV , the rest-frame UV continuum luminosity density, which quantifies the lumi-
nosity of galaxies at UV-continuum wavelengths in a given comoving volume of
the Universe. It is important to note that the UV luminosity density is used due
to the redshift of Reionisation. The light we observe from the galaxies responsible
for the process comes from the UV part of the galaxies’ spectrum.
- ξion, the efficiency factor in converting the UV luminosity to Lyman-continuum
emission, and
- fesc, the escape fraction, which is the relative fraction of Lyman-continuum-
ionising photons escaping from galaxies over the the fraction of UV-continuum
photons which escape.
which leads to the production rate of ionising photons, ṅion,
ṅion = fesc × ρUV × ξion (1.26)
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This equation helps us understanding how many energetic UV photons were produced
by young stars at early times and what fraction of photons capable of ionising hydrogen
outside galaxies escaped without being intercepted by clouds of dust and hydrogen from
galaxies.
ξion and fesc are quantities that vary for each galaxy, but their average is attempted
to be calculated.
The parameter ξion can be derived from stellar population models based on assump-
tions regarding the properties of high-redshift galaxies.
The escape fraction is the portion of radiation that is able to escape from the host
source. The sources responsible for Reionisation have to provide Lyman continuum pho-
tons with wavelengths < 912Å, as this is what ionises the hydrogen in the intergalactic
medium. Therefore, in order to estimate fesc, the emerging flux in this wavelength
range has to be measured. This is a challenging task as fesc is very small, fesc << 1 at
z ≤ 6, and the escaping photons of the Lyman continuum flux can be absorbed by the
intervening intergalactic medium in the line of sight. Nevertheless, this has been done
for galaxies at z ∼ 3 [e.g. Cooke et al., 2014], which is the redshift limit for this method
since at higher redshifts the intergalactic absorption is too high. As mentioned before,
this parameter is not equal for all galaxies. In fact, it has proven to considerably vary
from galaxy to galaxy. However, the characteristic values found at z ∼ 3 are in the
range 0.1 . fesc . 0.2. A link with the slope of the spectrum, β has been proposed
that can also be used to estimate fesc. The values inferred for fesc show it evolves with
the redshift in the range z = 6− 10 [e.g., Kuhlen and Faucher-Giguère, 2012].
An alternative form for ˙nion [Robertson et al., 2010, Duncan and Conselice, 2015] is
given by
ṅion = fesc × ρSFR × κion (1.27)
where ρSFR is the star formation rate density, and κion is the ionising photon production
rate per unit of star formation.
In order to connect equations 1.26 and 1.27 to the ionisation state of the intergalactic
medium, it is also necessary to take into account recombination, which depends on
inhomogeneities, typically accounted through the introduction of a clumping factor,
CH . This can be used to estimate a minimum star formation rate per unit of comoving
volume, ρSFR by counting how many photons are needed and estimating recombination
through the clumping factor [Madau et al., 1999, Shull et al., 2012].
The galaxies that existed during the Reionisation epoch emit the radiation that will
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ionise the medium. The amount of radiation required to ionise the Universe cannot
be accounted for considering only bright galaxies [Robertson et al., 2015] since faint
galaxies dominate the photon budget according to the shape of the luminosity function.
It is clear that both quasars and the very brightest galaxies are too rare to significantly
contribute to the overall ionising photon budget [e.g. Dijkstra et al., 2004]. On the other
hand, several studies have shown that faint galaxies make a significant contribution to
the ionising photon budget during Reionisation [Wise et al., 2014].
Several studies have explored this area, trying to constrain the faintest luminosity of
galaxies that can entirely ionise the Universe. Possible scenarios include either galaxies
as faint asMUV ∼ −10 being responsible for the ionisation of the intergalactic medium,
or a strong evolution of ξion or fesc [Kuhlen and Faucher-Giguère, 2012]. A compromise
between these scenarios is currently accepted, with faint galaxies playing an important
role, with the escape fraction also being larger at early times [Kuhlen and Faucher-
Giguère, 2012]. Robertson et al. [2013] find that in order to match the observational
constraints on cosmic Reionisation, the galaxy population needs to have a steep power-
law luminosity function to continue up to magnitudes of at leastMUV < −13. Bouwens
et al. [2015a] showed that the evolution of the ionising emissivity, nion (equation 1.26) at
z > 6 is matched by a similar evolution in the UV luminosity density. They also find a
faint end-limit ofMUV < −13. Agreeing with Kuhlen and Faucher-Giguère [2012], they
acknowledge the possibility of evolution in ξion or fesc and that z > 6 galaxies are more
efficient at releasing Lyman-continuum radiation. This matches current observations as
spectroscopic analysis of a galaxy at z = 7.05 showed a value of ξion larger than normal
[Stark et al., 2015].
1.5.1 Observational constraints
Currently, there are only a few observational constraints on the epoch of Reionisation.
One is the measurement of the Thomson scattering optical depth of the primordial
CMB photons. Another is the Lyman-α forest at z ≈ 2.5 − 6.5. Other less powerful
observational constraints include the intergalactic medium at z . 6, Ly-α emitters and
Gamma Ray Bursts. Below we focus on the first two constraints.
The Thomson scattering optical depth can be related to a redshift during which
Reionisation occurred. This process is complete by z ∼ 6. A value of τ = 0.088 of
the CMB, and HeII reionisation at z ∼ 3 with τ = 0.044 leave half of the observed
optical depth, τ ≈ 0.043. This is explained by ionisation at higher redshifts, which
likely requires an epoch of partial ionisation [Pritchard et al., 2010, Shull et al., 2012].
Consequently, a value of τ = 0 implies no reionisation, while larger values imply early
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Reionisation. The first detection of τ was made by the Wilkinson Microwave Array
[WMAP; Spergel et al., 2003] by measuring the CMB polarisation. Previously, only
lower limits had been set by measuring the Lyman-α absorption in quasars [Pryke
et al., 2002, Fan et al., 2006].
The latest value of the Thomson scattering optical depth is of τ = 0.054 ± 0.007
[Planck Collaboration et al., 2018]. Combined with other measurements, this favours a
late and fast reionisation. The Universe is entirely ionised by z ∼ 6, but less than 10%
of it is ionised by z ∼ 10. This corresponds to a period of ∼ 450 Myr. The previous
measurement was τ = 0.058 ± 0.012 [Planck Collaboration et al., 2016]. Although
a useful constraint regarding the evolution of the Reionisation process, the Thomson
scattering reveals little information about the responsible sources, its duration or how
it propagated to fill the whole Universe.
According to the last measurements of Planck Collaboration et al. [2018], instanta-
neous reionisation occurs at a redshift of zreion = 7.68 ± 0.79. It is important to note
that instantaneous reionisation is a theoretical term in which it is assumed that Reion-
isation happened in an instant, but this is only for the purpose of the models. This is
unlikely to be how it happened, but it can be an approximation of the mean redshift of
Reionisation. These results combined show that most of the reionisation activity takes
place at z . 15.
The Lyman-α forest at z ≈ 2.5 − 6.5 also provides constraints for the Epoch or
Reionisation. Discrete absorption features in the spectra of quasars should be observed
if residual regions of neutral hydrogen are present. This is the so-called Lyman-α forest.
Studies have shown that quasars at z ≤ 6 have a complete Gunn-Peterson trough. This
indicates that Reionisation is complete by z = 6.
Mitra et al. [2015] use the values found by τ from Planck Collaboration et al. [2016]
and combine it with observations of high-redshift quasar absorption spectra, finding
that reionisation is almost complete for 5.8 . z . 8.5.
1.6 Luminosity Function
The luminosity function can be defined as the number density of objects as a function of
luminosity. Constraining the galaxy luminosity function is important as it can provide
an insight to the populations of galaxies at different redshifts. Consequently, we will
be able to better understand galaxy evolution, star formation history, and the roles of
galaxies in processes such as Reionisation. Ultimately, this can help us understand our
§1.6 Luminosity Function 23
own Milky Way’s formation.
Formally, if φ̃(L)dL is the number of galaxies per unit volume for a given luminosity





The relation between absolute magnitude and luminosity is:






where M is the bolometric magnitude of an object, M is the magnitude of the Sun,
L is the luminosity of the same object, and L is the luminosity of the Sun. The
absolute magnitude is defined as the intrinsic magnitude of a source as if it was placed
at a distance of 10 pc away from Earth.
We can use equation 1.29 to re-write equation 1.28 in terms of magnitude, which is





where Mmin is the lower limit for a galaxy’s magnitude, which is un uncertain value,
and
φ̃(L)dL = φ(M)dM (1.31)
The parameter φ(M) corresponds to the differential luminosity function, and it is




φ(M ′)dM ′ (1.32)
Throughout this study, we will use the term luminosity function to refer to φ(M).
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1.6.1 Schechter
The shape of the luminosity function for galaxies has been historically described in an










where φ∗ is a number per unit volume that specifies the normalisation of the distri-
bution; L∗ is a characteristic luminosity above that marks the transition between an
exponential distribution (bright galaxies), and a power law (faint galaxies), α being the
slope of the latter or also called faint-end slope; these three parameters describe the
shape of the curve, and they can be determined by the observed data.
In order to express the LF in absolute magnitude, equations 1.28, 1.29, and 1.30 can
be combined and rearranged, obtaining:
φ(M) = 0.921φ∗100.4(α+1)(M
∗−M)exp(−100.4(M∗−M)) (1.34)
Equivalent to L∗, M∗ is the characteristic magnitude at which a break is produced
and the slope of the distribution starts to decrease exponentially for brighter galaxies.
Figure 1.3 shows the Schechter function plotted for three different values of the slope
α = −1,−2,−3, for M∗ = −21 and φ∗ = 5× 10−6.
Colloquially, the part of the luminosity function with galaxies more luminous than
M∗ is referred to as the bright end, while the part with galaxies dimmer than M∗ is
known as the faint end. Both ends of the luminosity function present challenges in
terms of observations. As it can be seen, galaxies in the bright end are less abundant,
therefore wider areas of the sky are needed in order to find them. On the other hand,
deeper surveys are necessary for the faint end.
The Schechter function has proven to be accurate for field galaxies in several surveys,
regardless of the nature of the galaxies. In the past, surveys with thousands of low
redshift galaxies have fitted Schechter functions reasonably well to their data. Some
examples include the Stromlo-APM survey [Loveday et al., 1992], CfA Redshift Survey
for all the galaxies [Marzke et al., 1994b] and for different morphological types [Marzke
et al., 1994a], and Las Campanas Redshift Survey [Lin et al., 1996], among others.
This work has been extended nowadays to higher redshift galaxies, with the Schechter
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Figure 1.3: Schechter function for three different values of the slope α = −3 (yellow dashed
line), α = −2 (purple solid line), and α = −1 (green dashdotted line). The value for M∗ is
−21, and φ∗ is 5× 10−6.
function still being the most popular fit [e.g. Bouwens et al., 2015b, Bowler et al., 2015,
Finkelstein et al., 2015], although alternative functional forms have been proposed too
[e.g. Bowler et al., 2015, Ono et al., 2017].
1.6.2 Applications
The statistical nature of the luminosity function makes it suitable for the study of
galaxy populations. In fact, it can be seen as a snapshot of galaxy populations at a
certain time. This allows for a wide range of applications related to the evolution and
formation of galaxies. As described in the famous paper by Schechter [1976], and in
the review of Binggeli et al. [1988], the applications include the determination of the
mass density within a certain space provided that the dependence of mass on luminosity
is specified [e.g.: Shapiro, 1971, Pérez-González et al., 2003]; the estimation of spatial
clustering by converting the observed angular correlation function [e,g,: Skibba et al.,
2014, Farrow et al., 2015]; and the estimation of the number of intervening absorbers at
a certain redshift that produce the Lyman-α forest in high-redshift quasars or galaxies
[e.g.: Bahcall, 1975, McQuinn and White, 2011]; among others.
In addition to offering the opportunity of photon budget counts to infer information
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about the Epoch of Reionisation, the differential evolution of continuum versus line
emission (Ly-α) luminosity functions can probe reionization in a powerful way. This is
very relevant nowadays due to larger samples of galaxy candidates within the redshift
range at which the Reionisation process was finishing [e.g. Bradley et al., 2012, Schmidt
et al., 2014, Calvi et al., 2016] and recent discoveries of galaxies at redshifts close to the
beginning of it [e.g. Coe et al., 2013, Zitrin et al., 2014, Oesch et al., 2016]. The infor-
mation obtained from the luminosity function can shed some light on the Reionisation
period, for which most of the details of its mechanisms are still unknown. For instance,
the attenuation in observed galaxies during the late stages of this period can give us
clues about the intergalactic neutral hydrogen content, a key feature of the end of the
Reionisation epoch [Dijkstra et al., 2007]; parameters such as the hydrogen fraction
and the Thomson scattering optical depth can also be calculated [e.g.: Ishigaki et al.,
2018]; as well as constraining the size distribution of HII regions from the distribution
of Lyman-α galaxies [Furlanetto et al., 2006]. Other measurements and constraints of
parameters can be obtained from studies of the Lyman Break Galaxies combined with
quasars and CMD measurements for a better picture, as it is done in Greig and Mesinger
[2017].
To summarise, the luminosity function presents a neat alternative to measuring the
evolution of a single galaxy across time, which is unfeasible; or to infer the galaxy star
formation history with a high level of details, which is challenging for distant objects
near the detection limit of telescopes. Instead, it is possible to measure statistical
properties of populations of galaxies across different epochs and compare them [e.g.:
Blanton et al., 2001]. However, obtaining the luminosity function of certain objects
such as quasars or stars is not a trivial task. For this to be done, a large unbiased
sample of a portion of the sky is needed, which is difficult and is limited by a variety of
factors. For example, reaching faint magnitudes is a strong limitation.
Star Formation Rate
The Star Formation Rate (SFR) can be defined as the mass of stars formed per unit
time in galaxies. The formation of stars occurs over a finite period of time, therefore it is
expected to change with redshift. Several efforts have been made in order to constraint
the SFR across the history of the Universe.
The SFR can be estimated from the light emission of the galaxies at different wave-
lengths, and it is equal to the luminosity in a particular wavelength divided by a factor
whose value depends on said wavelength. This is because different parts of the elec-
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tromagnetic spectrum are sensitive to different ranges of stellar masses, types, and
processes occurring in the galaxy. To understand the full picture of the SFR across
times, the idea is to trace the evolution of the light emission from the far-UV to the
far-IR of the galaxy population as a whole.
The results of SFR have large uncertainties, and they need to be corrected for certain
phenomena. The presence of dust has a large impact and should be taken into account
when calculating the SFR. For example, the UV light in galaxies is absorbed by dust in
the star-forming regions and in the interstellar medium. In fact, only a small fraction
of UV-photons are detected, having to apply correction of up to a factor of 5 in order to
estimated the SFR from this light. The amount of dust absorption is also proportional
to the FIR luminosity, a phenomenon that needs to be considered in the corrections as
well.
For an individual galaxy, the star formation rate can be estimated from its luminosity
[Kennicutt, 1998]. Studies such as Lilly et al. [1996], Madau et al. [1998], Kennicutt
[1998], among others were pioneers in this matter. The procedures to do this are based
in two principles.
• The UV light is a popular indicator of the SFR and it is frequently used for high
redshift galaxies due to the observed wavelength. In a galaxy with significant
ongoing star formation, this is dominated by short-lived massive stars, and is
therefore nearly independent of the galaxy history. This process dominates the
galaxies’ UV-continuum. Therefore, the UV light from galaxies is used as a traces
or star formation.
• Surrounding dust is absorbed and heated by young stars and it then radiates in
the FIR. Therefore, FIR can be used as a tracer of star formation.
As summarised in Madau and Dickinson [2014], the conversion factor between the
intrinsic Far Ultraviolet (FUV) specific luminosity Lν(FUV) (before extinction, or cor-
rected for extinction) and the global star formation rate can be expressed as
SFR = κFUV × Lν(FUV). (1.35)
Where κFUV is the conversion factor, and it depends on the history of star formation,
metallicity, initial mass function and the exact FUV wavelength.
With the corresponding conversion factor, the same can be done for the Infrared
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emission. This way we can obtain the total star formation rate,
SFRtot = κFUV × Lν(FUV) + κIR × Lν(IR). (1.36)
Following the same idea, the star formation rate history of the Universe can be es-
timated from the luminosity function by integrating over it to get a total luminosity
from all galaxies at a certain wavelength. This is typically done in the UV because at
higher redshift it can still be observed. Apart from the aforementioned dust correction,
another key ingredient to calculate SFR is the initial mass function (IMF), which cor-
responds to the initial mass distribution at the time of birth of stars. The total SFR
can be estimated by adopting an IMF to connect it to the UV/FIR emission.
The star formation rate density (SFRD or ψ) is the SFR per unit comoving volume.
As a function of redshift, it indicates how much mass in the form of stars has been
created at any time. The star formation rate density can be inferred from a luminosity-
weighted integration of the relevant luminosity functions across time.
Using the analogue equation to 1.35 for the IR in conjunction with equation 1.36, the
star formation rate density can be obtained.
Despite the big efforts, the star formation history of the Universe has not yet been
fully constrained. A recent attempt was completed by Madau and Dickinson [2014],
where they find that the star formation rate density peaked ∼ 3.5Gyr after the Big
Bang, and dropped exponentially at z < 1 (see Figure 1.4). However, all studies rely
heavily on the assumptions made in order to correct from the observed samples to the
full populations. This ultimately depends on the luminosity function, from which would
have to be known for each redshift bin.
1.7 Galaxies at High Redshift
The study of galaxies at high redshift can shed light on the evolution of the Universe,
the Reionisation process, formation of first galaxies, among others. Therefore, finding
these galaxies is an important task. In the last decade, there has been an important
improvement regarding the redshift of the galaxies we are able to find, with redshifts of
z ∼ 11 as the current limit. However, these are limited cases, and even for galaxies at
z > 7, it is believed we are missing a non negligible fraction of galaxies.
Studies of individual sources at z > 7 are extremely difficult with currently available
technology, for which the statistical studies are more frequent. Furthermore, in order
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Figure 1.4: History of cosmic SFRD according to Madau and Dickinson [2014]. The red line
shows the best fitting function to all the data collected for SFR at different redshifts.
to understand global phenomena, the study of the luminosity function, which requires
a census of galaxies, is more appropriate.
Finding galaxies and counting them is important, but in order to characterise the
galaxy population, we also need to account for the sources that we are missing. In
order to do that, completeness simulations are performed. These allow us to estimate
the efficiency of galaxy surveys and selection techniques by placing mock galaxies in the
survey images and analysing source detection rates. This is a crucial factor in measuring
the luminosity function with precision.
1.8 Thesis outline
As seen in this chapter, galaxies are fundamental in many important processes, partic-
ularly in Reionisation. Therefore, estimating the amount of galaxies during this time
and their contribution to the process is very important. This is well constrained at
lower redshifts. However, while large samples of photometrically identified galaxy can-
didates are now known at z . 6, at redshifts beyond this the Lyman break moves into
the near-infrared, while the galaxies themselves rapidly become too faint for detailed
spectroscopy. At high redshifts (z ∼ 8 − 10) only a handful of robust high redshift
candidates are known and only a few are spectroscopically confirmed. As a result the
luminosity function of these galaxies is poorly understood. This motivates the work in
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this thesis.
This project focuses on the development of an algorithm that estimates the complete-
ness and source recovery in galaxy surveys. We create GLACiAR , an open python tool
to estimate the completeness and selection function in multi-band imaging surveys. We
also use a photometric selection technique in order to find galaxy candidates at z ∼ 10
in Hubble Space Telescope galaxy surveys. We apply GLACiAR to these galaxy surveys
and use the results combined with the galaxy candidates we find in order to constrain
the bright end of the luminosity function at z ∼ 10.
The outline of the thesis is as follows. We first describe high-redshift galaxies in
Chapter 2, with an overview on their formation history, observed properties, and selec-
tion techniques. In Chapter 3 we describe some important galaxy surveys carried out
mostly with the Hubble Space Telescope. We focus on the surveys BoRG and RELICS,
for which we perform a photometric search in order to find z ∼ 10 galaxy candidates.
In Chapter 4 we introduce the the completeness simulation code we have written and
explain the details. Chapter 5 presents a review of the galaxy luminosity function at
high-redshift, with focus on its current state. We also apply our code GLACiAR to the
galaxy candidates from 3 and calculate a point for the UV luminosity function at z ∼ 10.
Finally, Chapter 6 consists of a summary of the thesis and future work.
2
Galaxies at High-Redshift
High redshift galaxies present a unique opportunity to look into the past. Due to
the finite nature of the speed of light and the expansion of the Universe, we are able to
observe the light from these galaxies that originated at earlier times.
We can infer important information regarding processes such as star formation and
Reionisation by studying galaxies. The development of new technologies in terms of
observations and simulations has allowed us to push the frontier from our local Universe
to the time at which galaxies first formed, at redshift z & 10, when the Universe was
approximately 500 Myr old.
Several efforts both observational and theoretical have been made in order to under-
stand high redshift galaxies. Due to the challenges of studying objects at high redshifts,
the next generation of telescopes is expected to produce important results and help
constrain the properties of this epoch.
In this chapter, we give an overview of galaxy spectra and photometry and the main
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techniques to find these galaxies. We also discuss some of the observed properties of
high-redshift galaxies and recent results.
2.1 Galaxy spectra
To summarise the features of a spectrum we refer to Kirchoff’s laws [Carroll and Ostlie,
2006]. They can be summarised as it follows:
• An object in the state of a hot solid or dense gas produces a continuous spectrum.
• A hot, diffuse gas produces emission lines.
• A cool, diffuse gas between a source of continuous spectrum and the observer
produces absorption lines.
Through the analysis of the lines in the spectrum of a source, one can determine the
gases in it or in the medium in which their light propagates. The characteristic atomic
and molecular features are referred to as emission or absorption lines. Because of the
Doppler effect and the expansion of the Universe, photons coming from distant sources
are redshifted (see equation 1.12).
In the case of galaxies, one can expect a spectrum composed of a superposition of
the stars within the galaxy. Further, emission and absorption lines are also expected,
as products of the interstellar and intergalactic media. Exact features of the spectral
light distribution depend on the properties of the galaxy.
The continuum radiation component of galaxy spectra originates from the blackbody
spectra of stars and, consequently, its shape varies for each galaxy. This continuum
lies under absorption and emission lines that are present in galaxies. For example,
some galaxies present a break in the spectrum, which is called Balmer break (λ =
4000Å). This appears in the spectra of cooler stars from late-B and beyond due to their
cool emissions. Hotter stars, on the other hand, are strong emitters of UV radiation.
Elliptical galaxies present a strong break at said wavelength, which is caused by the
their characteristic lack of hot stars, and a blanket absorption of high energy radiation
from metals in stellar atmospheres. The continuum below the Balmer break comes from
late-O and early-B stars [Leitherer, 2009].
Another important component of galaxy spectra is the Lyman-continuum (LyC). It
corresponds to the photons that are emitted at a wavelength of λ < 912Å. As seen
in Section 1.5 these are the photons that ionise the media. They are absorbed by
hydrogen, helium, and dust in the interstellar medium of the galaxy. The fraction of
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these photons that escape is the fesc, which is a crucial part of many fundamental
processes such as Reionisation. According to Leitherer et al. [1999], ∼ 10% of the
luminosity radiation emitted by a standard star-forming galaxy comes from this section.
Following we describe two important features of high-redshift galaxies, which are used
in order to find them both spectroscopically and photometrically.
2.1.1 Lyman-α emission line
The Lyman-α line originates from the Lyman series, which is a series of radiative tran-
sitions in the hydrogen atom produced by electrons going from a higher level (orbital
n ≥ 2) to the ground state (n = 1). Specifically, the Lyman-α emission line is produced
by the spontaneous decay from n = 2, the first excited state, to n = 1.
The Lyman-α line is resonantly scattered. Resonant scattering occurs when the
energy of a photon matches the energy difference between the ground state and the
lowest excited state of an atom. Afterwards, the atom de-excites, an another photon
with the same energy is scattered. In the case of Lyman-α, the energy difference between
the levels is of 10.2eV, which corresponds to a wavelength of λ = 1215.67Å.
The Lyman-α transition is the most basic transition of the hydrogen atom, and
therefore this emission line is ubiquitous in astrophysical objects. Whenever photons
with the corresponding energy are around, this line is produced.
Tracing cosmic hydrogen through its Ly-α emission has been done for a long time in
Astrophysics. This emission provides an important probe for studying the distribution
and properties of the neutral, atomic hydrogen in the local interstellar medium. It
carries information about the column density and velocity distribution of the hydrogen
atoms [Brasken and Kyrola, 1998].
As summarised by Dijkstra [2014], the Lyman-α emission line can be produced by
two phenomena.
- Ionising radiation, which is emitted by type O and B stars. These photons ionise
the dense gas surrounding them. When this gas is recombined, an important
fraction of this recombination radiation emerges as the Lyman-α emission line.
Therefore, this line is a tracer of young stellar populations or star forming galaxies.
- Photons emitted by collisionally excited HI, which is also referred to as cooling
radiation.
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In galaxies, the first phenomenon seems to be dominant, although it has been sug-
gested that it becomes less relevant at higher redshifts. Some hydrodynamic simulations
have found that the cooling radiation can be of up to ∼ 50% at z ∼ 6 [Dayal et al.,
2010, Yajima et al., 2012]. However, these values are difficult to constrain and very
sensitive to measurement parameters.
The lack of the Lyman-α line indicates the presence of neutral hydrogen as interstellar
HI clouds are extremely opaque to it. The Ly-α photons can be absorbed and scattered
many times in these clouds. Consequently, there is a high probability that these photons
get absorbed by dust grains in evolved galaxies.
As we previously saw, a key estimator for Reionisation is the measurement of Lyman-
α emission from galaxies, since the lack of their detection implies that the intergalactic
medium surrounding them is neutral. The observed drop in the fraction of galaxies ex-
hibiting Lyman-α emission can indicate a rapidly evolving intergalactic medium neutral
fraction.
2.1.2 Lyman-alpha forest
The light from the galaxies travels towards us throughout the Universe, hence any
medium the photons pass through imprints information about its gases and chemical
composition. Most of the lines present in the Lyman-α forest are produced by neutral
hydrogen present in the intergalactic medium, which means that the absorption occurs
at a rest wavelength of λ = 1216Å, but we observe them at different wavelengths
depending on their redshift. Figure 2.1 shows a diagram of the spectrum of a galaxy
with Lyman-α emission and some absorption lines produced by neutral hydrogen in the
intergalactic medium. If the galaxy is at a redshift high enough, the light will encounter
so many of this neutral hydrogen that the absorption lines will eventually produce the
Lyman-α forest.
Resonant scattering occurs at the wavelength of Lyman-α. This is broadened into
the Gunn-Peterson trough [Gunn and Peterson, 1965] by both the velocity distribution
and width of the line. The latter is the dominant effect, causing an extension of the
absorption towards the red side [Miralda-Escudé, 1998].
The absorption is produced by the Lyman-α transition of neutral hydrogen as it has
a large cross-section. It is called a forest as the sharp absorption lines resemble one in
the spectrum. This forest is observed in quasars as well as in galaxies. The clouds that
produce the absorption lines become more common at high redshifts so the absorption
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Figure 2.1: Diagram of a galaxy spectrum with a Lyman-α emission line and absorption lines.
The emission line is produced in the galaxy at λα = 1216Å and it is observed at a redshifted
wavelength. The absorption lines are produced by neutral hydrogen (clouds in the diagram)
in the intergalactic medium between the galaxy and the observer. They are also produced at
a rest wavelength of λα = 1216Å, but are observed at different wavelengths because of their
redshift. These absorption lines will eventually produce the Lyman-α forest if the galaxy is at
a redshift high enough for its light to encounter enough of them in its path to the observer.
lines become more dense resulting in the Lyman-α forest. Several studies have been
performed in order to study the Lyman-alpha forest and its evolution [e.g. Kim et al.,
1997, Riediger et al., 1998, Bolton et al., 2017]. As a matter of fact, it has been found
that its density increases with redshift by ∼ (1 + z)2.2 [e.g., Kim et al., 2001]
As illustrated in Schneider [2015], the Lyman-α forest can be subdivided depending
on the depth of absorption, which also depends on the size of the column density of
neutral hydrogen (NH) that produces the absorption:
- Narrow lines, NH . 1017cm−2.
- Lyman-limit systems, 1017cm−2 . NH . 2 · 1020cm−2. As we will expand on
later, if NH & 1017cm−2, neutral hydrogen absorbs most of the radiation at a
wavelength of λ . 912Å. This wavelength corresponds to the photons capable of
ionising hydrogen. Anything below this limit will get absorbed, thus the name of
these systems.
- Damped Lyα systems, NH & 1020cm−2. This type of hydrogen produces a broad
absorption line.
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2.1.3 Lyman-α emitters
As indicated by its name, a Lyman-α emitter (LAE) is a young galaxy that emits
Lyman-α radiation. A prevalent fraction of their overall light emitted shortwards of
Lyman-α is reprocessed into the line which hence outshines the continuum by a signifi-
cant margin. The UV part of their spectra is very bright with not much obstruction by
dust.
An abrupt reduction of the detected Lyman-α flux has been consistently measured
at z > 6. This emission is stronger with redshift up to z ∼ 6, but it decays afterwards
[Stark et al., 2010, Caruana et al., 2012]. This can be related to the Reionisation process
as this would absorb the emission radiated. However, more studies are needed in order
to draw a strong conclusion.
2.2 Selection Techniques
The techniques used for finding high-redshift galaxies will depend on the type of galaxies,
the data set, and the filters available, among other factors. The majority of selection
techniques are based on spectroscopic information of the objects. As previously dis-
cussed, the spectra of astronomical objects provide the information needed to study
a source. Therefore, any method that classifies astronomical sources relies on their
spectral characteristics, even if they cannot be measured in detail, i.e., even if the
electromagnetic spectrum is not directly observed.
Photometric or imaging techniques study the sources in a certain band that corre-
sponds to a particular wavelength range in the spectrum. The magnitude observed in
a band is ultimately the flux emitted by the object in that range of the spectrum. This
provides information about particular features of the spectrum, and information such
as the redshift and chemical composition can be inferred.
An important difficulty for performing photometry is Earth’s atmosphere, which
presents regions opaque to certain wavelengths where most of the light is absorbed,
and produces scattering. The atmosphere is transparent to only a small percentage of
the electromagnetic radiation, presenting only a few atmospheric windows, one big one
in the optical range and several small ones in near and mid-infrared ranged. Most of the
night-sky background in the red and hear infrared is due to airglow produced by OH
radicals in the high atmosphere and consequently the photometry filters are modelled
to correspond with the atmospheric windows.
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Figure 2.2: Hubble Space Telescope WFC3 IR transmission curves of the narrow filters F126N,
F128N, F130N, F132N, F164N, and F167N. For comparison, we show a wide filter, F140W
(dashed gold line), and a medium filter, F139M (dotted blue line).
As expected, this field has had advances tied to the improvements of observational
technology. The launch of the HST and, in particular, the installation of WFC3, have
yielded many high-z galaxy candidates, with the amount of candidates dramatically
growing in the last decade. Below, we describe the most commonly used methods to
find high-redshift galaxies.
2.2.1 Narrow-band Photometry
This is an imaging technique that relies on the detection of the emission lines. This
technique involves taking images in a narrow-band filter and at least one other broad
band filter, or another close narrow-band filter, and comparing them. Depending on the
redshift that the survey is targeting, the target emission lines are different as well, H-α,
[OII], and Ly-α. For high-redshift galaxies, the filters tend to fall near the infrared.
Figure 2.2 shows six narrow IR filters from the Wield Field Camera 3 (WFC3) from
HST. Along with them, a medium and a wide filter are in the plot for comparison.
After having the same area of the sky surveyed with both - or more - filters, they are
then compared. If the object is exceedingly bright in the narrow filter, it suggests the
existence of an emission line. At high redshift, this technique is highly dependent on
the design of the narrow band filters as the wavelength at which the observations would
fall around ∼ 9000− 10000Å for a galaxy at z ∼ 7− 8.
Due of the narrow wavelength they cover, the redshift range they encompass is small,
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which translates into a smaller cosmological volume of the observed field. This also
makes them less effective in terms of the amount of galaxies they can find. Another
disadvantage is the fact that this technique is only capable of finding a particular popu-
lation of high redshift galaxies, which is the one that presents strong Lyman-α emission
in the majority of cases for high-redshift galaxies.
In terms of the advantages, Mesinger and Furlanetto [2008] mention the reduction
of the sky background, the efficiency in selecting galaxies at a known redshift, and the
higher signal-to-noise ratio by focusing on an emission line. Because it relies in the
identification of an emission line, the ratio of spectroscopic confirmation is high, but
the samples of these galaxies is biased.
Narrow-band photometry has been used successfully for lower redshift galaxies, mainly
for searches up to redshift z ∼ 6 [e.g. Steidel et al., 2000, Ouchi et al., 2003, Malhotra
and Rhoads, 2004]. For example, Ouchi et al. [2003] used it to find LAEs at z ∼ 4.8.
Furthermore, galaxies in the redshift range between z ∼ 5− 7 have been mainly found
with this technique, such as Ouchi et al. [2010] who studied LAEs at z = 6.6 from the
Subaru/XMM-Newton Deep Survey field, where they use a narrow-band filter, NB921,
with a central wavelength of λc = 9196Åand a FWHM of 132Å . However, for higher
redshifts, z & 7 the success rate of this technique dramatically decreases.
A major disadvantage of narrow-band photometry comes from the opacity of Earth’s
atmosphere. The atmospheric windows mentioned above only allow for certain wave-
lengths to be observed, which translates into galaxies at only certain redshift ranges
that can be identified with this technique. The identification of the Lyman-α line is
possible for galaxies at z ∼ 4.5, 5.7, 6.5, 7.7, 7.9, 8.1, 8.8, 9.8, and 10. The redshift ranges
in between are not visible from the ground, from where the narrow-band surveys have
been carried out.
2.2.2 Lyman-Break Galaxies
Technically, Lyman-Break galaxies are galaxies that are selected by using this tech-
nique. These galaxies are at redshift z & 3, where the far-UV spectrum is observed
at optical wavelengths. They are characterised by a break in their spectrum produced
by absorption, the Lyman break. This is a discontinuity produced at λ = 912Åby the
stellar atmosphere of massive stars as a result of the hydrogen ionization edge. This
break is accentuated by the photoelectric absorption of the interstellar HI gas, which is
abundant in young galaxies, and by intervening HI gas. The Lyman-α forest also con-
tributes to this break in the rest range of λ = 912−1216Å, making it more pronounced
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for galaxies at z & 4 [Giavalisco, 2002].
The nature of LBGs is expected to be associated with starburst galaxies. A char-
acteristic feature of their spectra is a strong UV continuum emission caused by the
formation of massive young stars of type O and B, which suggests recent star formation
episodes. They also present strong interstellar absorption lines due to low ionisation
stages of C, O, Si, and Al, and of prominent high-ionisation stellar lines of HeII, CIV,
SiIV, and NV [Giavalisco, 2002].
In their spectrum there are strong interstellar absorption lines due to low-ionisation
stages of metals, and high-ionisation stellar lines. The identification of these lines can
help the spectroscopic confirmation of Lyman-Break galaxy candidates. Even if the
Lyman-α line is not present due to Reionisation. Observations show that the fraction
of LBGs with strong Lyman-α emission increases up to z ≈ 6 [e.g., Stanway et al.,
2003].
Some studies have been performed on populations of LBGs at different redshifts to
study their evolution. For example, Vanzella et al. [2009] performs a systematic study
of LBGs at higher redshift, z > 4. They observe similar outflows than at lower redshifts.
In general, spectra seem to change very little. [Stark et al., 2009] also studied these
galaxies at higher redshift, 4 . z . 6, and they don’t find a strong evolution among the
redshift bins, neither in stellar masses nor in the ages of galaxies. They also find that a
likely scenario in terms of star formation is an episodic rate. That means that the star
formation rate is increased during certain periods and it is not constant. Shapley et al.
[2003] finds consistency with massive star formation related to the size of HII clouds.
They also found evidence for gas for LBGs at z ∼ 3.
2.2.3 Photometric Redshift estimation
As we saw have seen, galaxies present characteristic features in their spectra. With the
spectroscopic observations of several galaxies, templates can be generated by putting
the features of the galaxies together. These templates can then be fitted to observations
of the galaxies and a redshift can be estimated according to these fits. In order to have
good estimations, the more bands used the better the chance to estimate the redshift
accurately.
When a substantial number of filters are used, this technique proves to be very ef-
fective. One of the highest redshift galaxies ever found [z ∼ 11 Coe et al., 2013] was
classified with this technique.
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Figure 2.3: Transmission curves of Hubble Space Telescope WFC3 IR wide filters. The filters
are F105W (red), F110W (green), F125W (yellow), F140W (purple), F160W (blue). On top
of the filters, a dotted black vertical line indicates where the Lyman break would be produced
at the corresponding redshift. Flux would be expected starting from that vertical line towards
the right end of the plot (larger wavelengths).
2.2.4 Lyman break technique
Sometimes referred to as dropout technique, this selection method was first put into
practice by Steidel and Hamilton [1993]. It has been by far the most successful technique
in order to find high-redshift galaxy candidates in studies such as Hildebrandt et al.
[2007], Bouwens et al. [2011], Bradley et al. [2012], and Calvi et al. [2016].
The technique is based in the discontinuity in the spectrum of galaxies below the
Lyman limit (see Section 2.2.2). First, photons with λ < 912Åare absorbed due to
the ionisation of the hydrogen by the photons of massive hot stars present in host
galaxies. Further, if the galaxy is far enough from us, there will be absorption between
λ = 912 − 1216Å , which is produced by galaxies located between the emitting host
galaxy and us. Therefore, it can be summarised as a search for objects that show little
to no flux below those rest-frame wavelengths. The wavelength of the filters will dictate
the redshift range of the selected galaxies. Figure 2.3 shows the transmission curves of
five HST WFC3 wide IR filters. The dotted black vertical line shows where the Lyman-
break is expected for the corresponding redshift. Flux from the galaxies is expected
from that point to the right., i.e. at higher wavelengths.
In order to select galaxies with this method, three or more broad-band filters are
needed. A generalised description of the method follows. Images are taken with three
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filters whose central wavelengths are λ1, λ2, and λ3, the last one being the so-called
detection band. To optimise the search λ1 should cover the region of the spectrum of
λrest . 912Å, λ2 should be situated in the range λrest ∼ 912 − 1216Å to identify the
Lyman-α forest, and λ3 & 1216Å, to measure the stellar continuum beyond the break.
From here, there will be two colours available, C1 and C2, defined as C1 = mλ1 −mλ2 ,
and C2 = mλ2 − mλ3 . Based on templates or population synthesis models of star-
forming galaxies, the expected colours can be calculated. The other condition, which is
the one that gives the name to this technique is the requirement that no flux is found
in λ1. In the case of λ2, depending on the redshift (and the Lyman-α forest associated
with the redshift), flux can or cannot be present. On the other hand, flux must be
observed in λ3 as this is the detection band. Methods to ensure no flux is observed
depend on the survey, but commonly relate to the signal to noise ratio. This technique
can be extended to as many filters as available, with the more filters the better redshift
estimation.
This technique has some similarities with the photometric redshift estimation tech-
nique. They both derive from galaxy spectra and its characteristics. However, they are
not the same. Photometric redshift estimation uses templates of galaxies and fits them
to the observed photometry. This is useful when many bands are available. Instead,
the case of the dropout method is a better option when fewer bands available, and it
relies in the Lyman-break phenomenon which is mostly based in only one characteristic
of the spectra.
2.2.5 BzK
This method targets other populations of galaxies at redshift 1.4 ≤ z ≤ 2.5. As pre-
viously summarised in Section 2.2.4, the Lyman-break colour selection method is bet-
ter suited for galaxies that are actively forming stars. Therefore, the criteria for the
dropouts will overlook other kind of galaxies; the galaxies with passive stellar popu-
lation. In order to find these galaxies, a new criteria was introduced by Daddi et al.
[2004], which is a selection based on three bands, the B-, z-, and K-band filters. By
constructing a colour-colour diagram, (B − z)AB vs (z − K)AB, it is possible to dis-
tinguish two populations. The B-band corresponds to the rest-frame UV part of the
spectrum, therefore, the (B − z) is expected to be higher for passive galaxies. The
λemit = 4000Å Balmer break is located towards the red from the z-band. In the case
of passive galaxies, the break is large, producing a redder colour, while for star-forming
galaxies, it is weaker. Therefore, galaxies in the upper right corner showing red colours
in both scales have an absence of star formation. On the other hand, the galaxies in
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the upper left corner, characterised by a bluer (B − z) and a weaker red in the (z−K)
colour, are actively forming stars.
This method has been applied in several studies, such as Daddi et al. [2005], Kong
et al. [2006], McCracken et al. [2010], among others.
It is important to note that some star-forming galaxies can be found by this and the
Lyman-break method. However, the most active galaxies are missed by BzK because
of their (z −K) colour since the 4000Å-break is not present in their spectrum.
2.2.6 Contaminants
The use of photometric selection techniques has been very successful and prolific for
finding galaxy candidates. However, a further complication that must be considered
in photometric samples is contaminants. As these objects are selected based on their
colours, there is a non-negligible chance that sources of a different nature but with
similar colours are selected. The main sources that can be wrongly classified as LBGs
include emission line galaxies, stellar sources, and galaxies at z ∼ 2 [e.g. Stanway et al.,
2008, Bowler et al., 2012].
Stellar sources with low surface temperatures have similar colours to high-redshift
galaxies and therefore pass the dropout criteria. Stars are point sources, while galaxies
are extended. However, when the angular resolution is not high enough to resolve them,
they look like point sources and can be mistaken for stars [Stanway et al., 2003, Bouwens
et al., 2006, Ouchi et al., 2009]. At higher redshift z & 9, however, the contamination
from stars becomes negligible, specially with HST, with intermediate redshift galaxies
the main source of contamination.
Several techniques have been proposed in order to avoid these contaminants. Some
of them include the use of filters that do not overlap, as the colour can flatten out
as a function of redshift in some redshift ranges when filters overlap [Stanway et al.,
2008]; very deep observations blueward of the spectral break are also very helpful to
distinguish between a true non-detection for an high-z object and a faint continuum for
an interloper [Bouwens et al., 2015b].
Heavily obscured z ∼ 2 galaxies show a break in the spectra that is not produced by
many other kind of galaxies, except for heavily dust-obscured galaxies at about z ∼ 2.
Despite this, it is highly effective as these galaxies are not very common. Additionally,
as pointed out in Giavalisco [2002], Balmer break galaxies at 1.3 ≤ z ≤ 2.5 can mimic
the colours of z ∼ 6 galaxies in filters chosen to select the Lyman break.
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Vulcani et al. [2017] performed an exhaustive study regarding contaminants in LBG
selections at z ∼ 5− 8. They find that the dropout selection contains small quantities
of contaminants. These numbers remain relatively constant across different samples,
but as the redshift increases, the relative weight compared to the number of dropouts
grows significantly as less candidates are detected.
An example is the recent study by Livermore et al. [2018], where they followed-up
observations for two candidates from the sample by Calvi et al. [2016]. This followup
involved the observation of the candidates with the F098M band from HST. One of
these candidates showed measurements consistent with a high redshift galaxy, while
the brightest object probed to be a more likely a galaxy at z ∼ 2. This makes a
difference in the luminosity function, where the fit presented by Calvi et al. [2016] was
more consistent with a departure from the Schechter form. However, the removal of the
brightest candidate shows a more consistent fit with a Schechter form.
Galaxy candidates can be discriminated by their size, which can help avoid contami-
nants. Holwerda et al. [2015] find that the interlopers have approximately 4 times larger
sizes than the galaxies at z ∼ 9− 10.
Looking at the future and the at z ∼ 10 galaxy candidates, we expect larger fractions
of contaminants [Vulcani et al., 2017], of even ∼ 50%. In the case of JWST this should
be solved by the ability this will have to observe efficiently at rest-frame optical wave-
lengths for sources at z > 10 and therefore making it easier to exclude contaminants.
2.2.7 Spectroscopy
Spectroscopic confirmation of high-redshift galaxies depends almost entirely in the de-
tection of the Lyman-α line. As seen in Section 1.5, this line is attenuated by neutral
hydrogen, making it difficult to be observed.
The way spectroscopy works is by observing the electromagnetic spectrum of the
object and locating the emission lines, if applicable. When the lines are located, they
can be identified in term of which emission line they are and then they can be compared
to the rest wavelength. This way, the redshift can be calculated using equation 1.12.
This method is primarily used to confirm known galaxy candidates. Although in
principle it is the most precise way of finding the galaxies, it is not widely used as such.
This is because it requires much longer exposure times than imaging in order to get a
reasonable signal-to-noise ratio. It also typically requires the previous knowledge of the
position of the object within the field.
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Jiang et al. [2017] used the Magellan telescopes in Las Campanas, Chile, in order
to perform spectroscopy over a portion of the sky of ∼ 4 square degrees previously
observed by several surveys. Their campaign is expected to take spectra ∼ 400 bright
LAEs at z ≈ 5.7 − 6.5, and a significant amount of LBGs at z ≥ 6. So far, they have
been able to take spectra of 32 bright LAEs. A campaign like this takes years.
Spectroscopy has proven to be difficult for galaxies at z & 7 [e.g. Treu et al., 2012,
González-López et al., 2014], with only a handful of confirmations out of hundreds of
candidates. Those include Pentericci et al. [2011], where out of a sample of approxi-
mately 20 photometric candidates at redshift z ∼ 7, they could just confirm the redshift
of 5 of them, with only 2 of them having bright Lyman-α emission lines. This can be
better explained in terms of a rapid evolution of the neutral hydrogen fraction from
z ∼ 6 to z ∼ 7.
One of the complications of performing spectroscopy in high-redshift galaxies and that
can account for a portion of the unconfirmed galaxies is because of the observations and
their reduction. High spectral resolution cannot be used because then the emission is
spread over too many IR detector pixels and the signal to noise suffers. On the other
hand, when low resolution spectroscopy is used, a sizeable fraction of the spectrum is
dominated by the residuals from night sky emission line subtraction which can wipe out
any signal. This becomes a problem at z ∼ 6 and worsens for higher redshifts.
This is the most reliable method, although especially when it comes to high-redshift
galaxies, it can’t always confirm or rule out the nature of the candidate. Confirmation
can be complicated when it comes to high-redshift galaxies as the signal-to-noise is low,
even with the long exposure times used. Another challenge that is presented when it
comes to spectroscopy is that not the whole spectrum can be measured, but only a
portion of it. Therefore, if the estimation of the redshift is too far off, the emission line
won’t lie within the observed range. Furthermore, the Lyman-α forest means that no
emission or absorption line can be observed for wavelengths lower than the Lyman-alpha
emission line, making detection available mainly for objects for which the Lyman-alpha
line can be observed. Another issue is that the Lyman-alpha line can be sometimes
compromised by the dust in the intergalactic medium.
In a recent study, Livermore et al. [2018] does a follow up observation of two can-
didates from Calvi et al. [2016]. They confirm one of the candidates as a probable
z ∼ 8 galaxy, and rule out the other candidate, which has an apparent magnitude of
mH160 = 24.81. This was a very bright galaxy candidate for z ∼ 8. The elimina-
tion of such candidate now brings the data of the bright-end of the LF down, closer to
Schechter function, as opposed to previous claims from Calvi et al. [2016] that measured
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a power-law decline for the bright-end of the LF at said redshift.
2.2.8 Samples and bias
Selection bias is an important issue that needs to be taken into account when perform-
ing systematic searches and using the results to characterise the high redshift galaxy
population. Because of the colour cuts, some populations can be favoured. If, for ex-
ample, there is any overlap between the red and blue filters, as between I814 and J110,
the dropout colour as a function of redshift can flatten into a colour plateau [Stanway
et al., 2008].
A thorough study into this issue by Stanway et al. [2008] conclude that the samples
recovered with a LBG-based technique only select a certain kind of population, ignoring
or missing others such as quiescent galaxies. Although this study focuses on galaxies at
z ∼ 5, it can be extended to galaxies at higher redshift. This is an important issue to
consider when finding galaxy samples. This motivates our next chapter where we code
a completeness estimator.
2.3 Luminosity Function of Galaxies
2.3.1 Evolution of the Luminosity Function with Redshift
Just as the galaxies and their properties evolve with time, the luminosity function is
not constant for all redshifts as we can see in the changing values of parameters such as
M∗, φ∗, and α. In order to understand galaxy evolution and formation in a global way
it is necessary to have a picture of the statistical properties of galaxies across all times.
Regardless of the possible discrepancies in the shape of the luminosity function at
high-redshift, the majority of studies still fit a Schechter function to it in order to
understand whether there is evolution in the parameters with the redshift. Following
this, most of studies we refer to use this fit and their corresponding parameters.
It is important to acknowledge that the luminosity function parameters vary even
when samples at the same redshift are compared. This tells us that the redshift is not
the only feature that affects galaxy evolution. We can see, for example, that magni-
tudes and sizes of the samples also play an important role. However, these are not
physical properties of the galaxies but rather limitations of the samples. However, there
are physical properties that determine different shapes of the luminosity function. The
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type of galaxy, such as blue and red have a different evolution in terms of their lumi-
nosity function with redshift [e.g.: Faber et al., 2007]; the morphology of galaxies [e.g.:
Ilbert et al., 2006]; and the environment in which they are immersed [e.g.: Xia et al.,
2006]. Some studies have also researched the relationships between two or more of these
features [e.g.: Mo et al., 2004, Tempel et al., 2011].
The picture of the relationship between the luminosity function of galaxies and red-
shift has developed with time as the capabilities of telescopes have improved. As ex-
pected, the first statistical studies for galaxies were performed using low redshift sam-
ples, limiting any statistical study to the present Universe. Not only was the redshift
a limitation but so was the number of galaxies used in these studies. Johnston [2011]
presents a summary of relevant low and intermediate redshift surveys and their results
in terms of luminosity function parameters. We can see in that review that prior to
the year 2000, most of the studies were performed with samples of galaxies at redshift
z . 0.2 and samples with numbers well below 20,000 [e.g. Marzke et al., 1994b, Lin
et al., 1996, Zucca et al., 1997, Folkes et al., 1999]. Consistently, efforts to reach higher
redshifts (z . 1.5) had samples of up to 2,000 galaxies [e.g. Lilly et al., 1995, Ellis
et al., 1996, Lin et al., 1999]. After this period, significant improvements were achieved,
not only in the number of galaxies for these type of surveys, but also in the magnitudes
and redshift ranges reached [e.g. Fried et al., 2001, Cohen, 2002, Wolf et al., 2003]. In
the early 2000s there were considerable improvements and the frontiers were pushed to
samples of above 100,000 galaxies for redshifts of z . 0.2, particularly successful with
the release of SDSS [York et al., 2000]. Following, we highlight some of the main studies
of the luminosity function of galaxies at low and intermediate redshifts organised by
publication date. We then also present in more depth studies for high-redshift in Section
2.3.1.
Wolf et al. [2003] performed a study over ∼ 25, 000 galaxies in the redshift range
0.2 < z < 1.2 for galaxies of different spectral energy distributions (SEDs). This study
finds that the shape of the luminosity function does depend on the adopted SED type,
but not on the redshift. They determine that up to z ∼ 1 the shape does not change if
a non-evolving given SED type is assumed. Furthermore, the redshift evolution of the
values forM∗ and φ∗ depend on the SED type. Another important conclusion from this
study is the fact that the evolution of the luminosity density depends substantially on the
rest-wavelength considered. It is essential to consider this when comparing luminosity
function fits among different redshifts. Accordingly, Wolf et al. [2003] estimates that
for the optical bands B and r, the integrated luminosity remains constant between
z = 1.1 − 0.5 and then drops by ∼ 30% from z = 0.5 to z = 0. In the case of the
near-UV, the integrated luminosity drops from z ∼ 1 to z ∼ 0 by a factor of six, with
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a great part of that drop occurring for z . 0.6. This evolution is shallower compared
to what was found previously [Lilly et al., 1995], but still within the earlier confidence
limits. As we can see, the results are different depending on the rest-frame wavelength
at which the measurements are performed. In agreement with these results, Loveday
[2004] find significant evolution in the luminosity function of r-band selected galaxies
from SDSS DR1 at redshifts z < 0.3, and Ilbert et al. [2005] find again a dependence
with the bands on the evolution of the luminosity function for the redshift range of
z ∼ 0 − 2. The results found by this study for the bright end are also consistent with
what is found by Wolf et al. [2003]. In case of the faint end, both studies disagree, which
is attributed by the authors to the different selection methods. Ilbert et al. [2005] finds
that the value of M∗ changes with the rest-wavelength and the redshift which can be
summarised as a stronger brightening with bluer luminosity functions. This study also
finds a steepening of the slope α from z = 0.05 to z = 1, which is independent from the
band.
As demonstrated by Wolf et al. [2003], the rest wavelength in which the luminosity
function is measured can deliver different results. If the same telescope covering the
same wavelength is used to observe galaxies at different redshifts, the rest wavelength at
which galaxies are observed will be different. Therefore, in order to compare luminosity
function results, it is of crucial importance to understand this and take it into account
when comparing results at different redshifts. Because of telescopes capabilities, most
of the low redshift galaxies are observed in the IR, while higher redshift galaxies are
observed in the UV. The UV luminosity function has not been widely studied in the low
redshift range due to the limitations by the atmospheric cut off, which requires these
large area surveys to be made with space telescopes, which is very costly. At higher
redshifts this same intrinsic wavelength range is observed in the optical or the IR. In
Madau and Dickinson [2014], they compare recent results for both wavelength ranges,
arriving at the following conclusions. First, that the IR luminosity functions cut off
less steeply. Second, that the IR luminosity functions show higher luminosities in the
bright end. This can be attributed to the fact that the dust content increases with
larger star formation rates, inducing preferential obstruction in the brightest galaxies.
It is important to clarify that the IR LF anf the UV LF fundamentally measure differ-
ent properties. The former is an estimates the stellar mass function, while the latter
measures the star formation rate distribution.
Gabasch et al. [2004] used a sample of 5, 500 galaxies in the redshift range of 0.5 <
z < 5.0. Their results show that the faint-end slope of the luminosity function does
not evolve significantly with redshift, and it is constant within the confidence range.
Depending on the bands used, the value varies between α = −1.07 ± 0.04 and α =
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−1.25± 0.03, but they find no evidence supporting a steeper slope (α ≤ −1.6) at z ∼ 3
or z ∼ 4, which differed from previous studies such as Steidel et al. [1999], and Ouchi
et al. [2004]. In regards of the parameters M∗ and φ∗ they do find a more pronounced
evolution with redshift. M∗ becomes brighter with redshift, with a variation of ∼ 3.1
magnitudes in the redshift range of z ∼ 0.5− 5.0 for the UV, and about 0.5 magnitudes
fainter in redder bands. On the other hand, φ∗ decreases a similar amount for all bands,
being that about ∼ 80%− 90%.
The first study that used the far ultraviolet (FUV) band, at 1500 Å from the Galaxy
Evolution Explorer Survey [GALEX; Morrissey et al., 2007] to measure the luminosity
function was Arnouts et al. [2005]. They used a spectroscopic sample of about 1,000
galaxies in the far ultraviolet band. The redshift range of the galaxies is 0.2 ≤ z ≤ 1.2.
They also use the HDF data to extend the analysis to z = 3. Their results show that
there is a larger evolution for M∗ in the range z ≈ 0−1 than at a higher redshift range,
z ≈ 1 − 3. There is a strong dependency of this value with redshift. From z ≈ 1.2
to z ≈ 0, the value range is −20.15 ≤ M∗ ≤ −18.00, reaching a ∆M∗ ∼ 2.0. For
the rest of the redshift values examined in that study, 1.75 ≤ z ≤ 3.5, the evolution is
smaller, with a difference of ∆M∗ ∼ 1.0 and values −21.1 ≤ M∗ ≤ −20.3. In regards
to the faint-end slope, the results are weakly dependent on the redshift, with the values
smaller (i.e., steeper slope) for higher redshift. Depending on the redshift bin and the
detection method, the results cover the range −1.65 ≤ α ≤ −1.2 for the redshift range
0.2 ≤ z ≤ 3.0.
Dahlen et al. [2007] perform a study on the evolution of the UV luminosity function
of galaxies aiming to estimate the star formation rate. They use data from the Great
Observatories Origins Deep Survey [GOODS; Giavalisco et al., 2004], only including
observations from GOODS South (GOODS-S). They study the luminosity function
focusing on two rest-frame wavelengths, 1500Å and 2800Å. In the first, the redshift
range is 0.92 ≤ z ≤ 2.37. The characteristic magnitude they find goes approximately
from M∗ ≈ −19.5 to M∗ ≈ −20.5, showing a strong evolution of about 1 magnitude.
The faint-end slope is consistent with previous results, α = −1.48+0.34−0.29. In terms of φ∗,
the results are around φ∗ ∼ 2.9, 3.1, 3.3× 10−3Mpc−3mag−1, depending on the redshift
bin. This evolution seems to flatten at z & 1.7.
Oesch et al. [2010] measured the evolution of the UV luminosity function (far ultravi-
olet, 1500 Å) from the Hubble Space Telescope WFC3/UVIS data. This data has better
resolution and fainter limiting magnitudes than GALEX, which was the only telescope
used for these type of studies. Their galaxy candidates are in the redshift range of
z ∼ 0.75 − 2.5, and they were selected by estimating their photometric redshift in 13
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bands for the lower redshift ones, and with the dropout techniques for the higher red-
shift ones. M∗ becomes fainter by 1.5 magnitudes from z ∼ 2.5 to z ∼ 0.5, going from
M∗ ∼ −21 at z ∼ 3 to M∗ ∼ −18 at z ∼ 0. The parameters α and φ∗, however, remain
constant for the same redshift range, although φ∗ actually shows a weak decline towards
higher redshifts. The faint-end slope is considerably steep, with values of α . −1.5,
in agreement with what Arnouts et al. [2005] previously found. In the local Universe
(z ∼ 0) however, the faint-end slope seems to reach flatter values, of around α ∼ −1.2.
Cucciati et al. [2012] performed a study also in the FUV in the redshift range of
0.05 ≤ z ≤ 4.5, but reaching fainter magnitudes than Arnouts et al. [2005] as they do
not use GALEX. Instead, they use data from VLT, which allows for better resolution
and deeper magnitudes. Their values for α are consistently larger than most studies as
they present in their article, with values of α ∼ −1 for redshifts of 0 ≤ z ≤ 1.7. At higher
redshift, they find that the slope becomes steeper, reaching values of α . −1.7, which
is consistent with other studies reaching faint limiting magnitudes. They attribute the
differences in the faint-end slope to the magnitude limit from their sample, which allows
them to go fainter. In the case of the parameters M∗, for lower redshift, 0 ≤ z ≤ 1.2,
seem to not vary much, with values fluctuating between M∗ ∼ −18.3 and M∗ ∼ −19.0
in the FUV band and similar results for the NUV band up to z ∼ 0.6, and being
approximately 0.5 magnitudes brighter for 0.6 ≤ z ≤ 1.2. At higher redshifts, the value
keeps getting brighter, with values close toM∗ ∼ −21.0 in the FUV band, which is even
brighter than previous works [e.g. Arnouts et al., 2005]. In the case of φ∗, it appears to
reach a peak value of φ∗ = 9.53×10−3Mpc−3 at z ∼ 0.7 for the FUV band, with a similar
situation happening in the NUV band, only with a value of φ∗ = 9.48× 10−3Mpc−3 at
z ∼ 0.9. It then declines up to φ∗ = 1.72× 10−3Mpc−3 at 2.5 ≤ z ≤ 3.5, equivalent to
a reduction of a factor of ∼ 40. This is lower than previous studies had found.
Alavi et al. [2014] studied a sample of strongly lensed galaxies at 1 ≤ z ≤ 3, priori-
tising the intrinsic luminosity of the galaxy candidates over the number of objects in
order to be able to reach deeper magnitudes. They had 58 Lyman-break galaxies in
the magnitude bin of −19.5 < M1500 < −13, approximately a factor of 100 larger than
previous redshifts at the same redshift. The maximum likelihood parameters show a
value of α = −1.74 ± 0.08 for these galaxies with a redshift of z ∼ 2. This is smaller
than previously found by Cucciati et al. [2012], and slightly smaller but in closer agree-
ment with Arnouts et al. [2005]’s results. In terms of M∗, Alavi et al. [2014] found a
magnitude of M∗ ≈ −20, in close agreement with Cucciati et al. [2012] and Arnouts
et al. [2005].
In summary, for low and intermediate redshifts, the faint-end slope seems to be con-
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sistently steep, with values of α ∼ −1.6 for most studies. However, a few studies claim
that this steepness is caused by the shallow nature of the samples, and the deeper
samples would reveal larger values for α. Nowadays, most studies agree that for low
redshift (z = 1 to today), the characteristic magnitude is fainter for lower redshift, and
that these values depend on the rest-wavelength. [Beare et al., 2015]. In regards to
φ∗, the consensus is that it has remained approximately constant in this same redshift
range. Both parameters, M∗ and φ∗ show less consensus towards higher redshifts as
exemplified above.
The infra-red luminosity functions show even less consensus, as the observations are
not particularly powerful, even at z ≈ 1 or z ≈ 2. As Madau and Dickinson [2014]
explains, Spitzer studies would only reach magnitudes barely fainter than M∗ for these
redshifts. Therefore, their estimations are not completely reliable. For example, in the
far infra-red, the biggest disagreements come from the measurements of α, where the
results vary considerably, with results going from α ∼ −1.2 to α ∼ −1.8.
In the past, there have discrepancies regarding the extent of the evolution of the
luminosity function with redshift. For example, Madau et al. [1996] claimed to have
found a difference in the luminosity functions at z ∼ 3 and z ∼ 4, which was later
refuted by Steidel et al. [1999] where no evidence for the aforementioned evolution was
found. Nowadays, we know the latter statement is true.
Shifting towards intermediate and high redshift, Ouchi et al. [2004] studied the UV
luminosity function with a large sample of LBGs at z = 4 and z = 5 from the Subaru
Prime Focus Camera [Suprime-Cam; Miyazaki et al., 2002]. They have a photometric
sample of LBGs at z = 3.5−5.2 and derive its luminosity function at 〈z〉 = 4.0, 4.7, 4.9.
When comparing their results with the ones from z = 3 from Steidel et al. [1999], they
found no significant variation between z = 3 and z = 4. However, they did seem to
encounter a larger number of faint galaxies at z = 4, with a slope value of α = −2.2,
smaller than the value of α = −1.6 from Steidel et al. [1999]. Even within a high
uncertainty, Ouchi et al. [2004] also found that there seems to be an increase in bright
galaxies with time, predicting more bright galaxies at lower redshifts. The characteristic
luminosity they derived shows values of M∗ ∼ −21 to M∗ ∼ −20. Regarding φ∗, the
values fluctuate between φ∗ = 1.2− 2.8× 10−3Mpc−3.
Iwata et al. [2007] used a sample of ∼ 850 LBGs at z ∼ 5 to study the UV luminosity
function. Comparing with results from other articles [Ouchi et al., 2004, Gabasch et al.,
2004, Takeuchi et al., 2005, Bunker et al., 2006], they found no significant change in the
bright end for the number density from z ∼ 5 to z ∼ 3. On the other hand, they do
find a slightly larger faint-end slope than previous works [e.g.: Ouchi et al., 2004], with
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a value of α = −1.48, which is more in agreement with what is found in Sawicki and
Thompson [2006].
The bright end of the LF shows a significant evolution at 5 < z < 6 [Stanway et al.,
2003, McLure et al., 2009]. This evolution is not completely accounted for by the
evolution in the normalisation parameters φ∗, requiring the evolution of M∗ as well.
This results are in agreement with subsequent studies such as Finkelstein et al. [2015]
in the redshift range z = 4− 5.
An interesting topic of discussion is the dependency among these parameters. The
amount of variables means that a range of values can be valid and at least one of the
parameters is fixed by the calculations. For example, Bouwens et al. [2015b] find results
that are consistent with an evolution in both φ∗ and α. However, they argue that with
the current surveys, changes in φ∗ and α can be interchangeable by changes in M∗.
All the aforementioned studies show the fact that even though the luminosity function
is fairly well constrained at low and intermediate redshift, there are still discrepancies
in the value of the parameters. This helps exemplify what happens at higher redshifts,
where the limiting absolute magnitudes reached are considerably fainter than at lower
redshifts. Consequently, studies will show more discrepancies in terms of the parameters
and even the shape of the luminosity function, which motivates the next section.
Studies of high-z LF
Up to redshift z ∼ 5 − 6, the parameters of the luminosity function have been exten-
sively examined, with the shape showing no sign deviating from a Schechter function.
However, due to the small size of galaxy samples towards higher redshift, the uncertain-
ties are large and the measurements are not equally reliable. Furthermore, the samples
can have larger fractions of contaminants. This, combined with the size of the sam-
ples make the results for the luminosity function more uncertain. For example, current
photometric samples of z ∼ 7 and z ∼ 8 include hundreds of galaxies, and they are
expected to have contamination levels of 7% and 10% respectively [Stark, 2016, Vulcani
et al., 2017]. However, it is important to note that having a large sample is not enough
to avoid biased measurements. The size of the area covered by these is important as
well because of the cosmic variance [Trenti and Stiavelli, 2008], which can have a con-
siderable impact in the estimation of the parameters for the luminosity function in deep
high-redshift surveys.
Below we summarise some relevant studies about the measurement of the parameters
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of the luminosity function.1
Different results have been found for high-redshift galaxies, with some studies sug-
gesting that the luminosity function deviates from a Schechter shape following a double
power law [e.g.: Bowler et al., 2015, O’Shea et al., 2015] or a single power law distribu-
tion. For example, Finkelstein et al. [2015] found that at z = 8 a single power law is as
good a fit as the Schechter function. More recently, Ono et al. [2017] found an excess of
bright galaxies in a study with galaxies in the redshift range of z ∼ 4− 7 which cannot
be modelled by a Schechter function. What makes their results different, they claim,
is that they are able to separate high-redshift AGNs from high-redshift galaxies. This
study finds that a better fit is provided by a double power-law or a lensed Schechter
function. Recent efforts have focused on the high-redshift end [e.g.: Bowler et al., 2015,
McLeod et al., 2016, Ishigaki et al., 2018]. This has also been driven by the new galaxy
candidates at high-redshift from galaxy surveys.
Studies about the high redshift luminosity function (z ∼ 7−8) started to appear about
ten years ago [e.g. Bouwens et al., 2008, Oesch et al., 2009, Grazian et al., 2011], and
they were performed with only a handful of galaxy candidates. Over time the amount
of galaxy candidates increased, currently with some candidates at redshift z ∼ 9 − 10
[e.g. Bouwens et al., 2014, Calvi et al., 2016, McLeod et al., 2016], which has allowed
us to place some constraints in the UV luminosity function at this redshift.
The steepness of the luminosity function for faint galaxies at high redshift (z &6) is
of particular interest in our work as low-luminosity galaxies are expected to contribute
considerably in the Reionisation process. The fraction of their contribution can be
derived from the number of faint galaxies, which is dictated by the value of α. It is
expected that the values are steeper at high redshift (z & 5), but the value itself is not
well constrained. Ishigaki et al. [2018] has found a very steep value (α ∼ −2.0) for a
study performed on the galaxies of the HFF at z ∼ 6 − 10. Other studies suggest a
value closer to (α ∼ −1.7) [Bouwens et al., 2015b]. This, however, is even less reliable
because as it was shown by Grazian et al. [2011], the results on the faint end of the LF
are highly dependent on the completeness simulations adopted. The aforementioned
study [Finkelstein et al., 2015] finds a dependence of the slope parameter α with the
redshift, with dα/dz = −0.19 ± 0.04 for z = 4 − 8. Similarly for φ∗, the change with
redshift found is dlogφ∗/dz = −0.31± 0.07. These results would suggest that the faint
end slope becomes steeper at larger redshift and the number density decreases, which
is in agreement with previous results.
1Note that the values of φ∗ mentioned in this section have not been converted to the same cosmology.
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We will discuss the latest and most relevant studies of the UV luminosity function at
high-redshift (z ∼ 6− 10) and its evolution below.
McLure et al. [2013] study the UV luminosity function at redshift z ∼ 7−8 combining
deep and wide-area data from HST. The deep data allows them to go to faint magnitudes
of M1500 = −16.75 for z = 7 and M1500 = −17.0 for z = 8. At these redshifts they
find a steep faint-end slope, with values of α = −1.90 and α = −2.02 respectively. As
previously explained, because of the free parameters, the evolution in the luminosity
function between these two redshift values could be attributed to either a luminosity
evolution alone or to include an evolving density as well. This study also included the
first attempt at constraining the faintness of the luminosity function at z = 9. Their
measurements suggested that the luminosity density evolution from z = 8 to z ' 9 is
steeper than expected for a linear trend with cosmic time.
Finkelstein et al. [2015] perform a measurement and analysis of the UV luminosity
function at z ∼ 4 − 8 using HST data combining both wide-area and deep surveys,
with ∼ 7, 500 galaxy candidates. Their best fit for the Schechter parameters show
almost no evolution in M∗ with a result of dM∗/dz = −0.12 ± 0.09. However, the
value for the characteristic magnitude has a large uncertainty as the galaxy candidates
in the bright end of their luminosity function are only brighter by 1-2 bins, therefore
not allowing for a tight constraint. This absence of evolution is in disagreement with
previous studies such as McLure et al. [2013] or Bouwens et al. [2011]. Unlike M∗, α
and φ∗ do show an important evolution with redshift as mentioned above. The faint-end
slope becomes steeper at higher redshift while the number density decreases. This is
very significant, with almost a factor of ∼ 20 in the characteristic density over less than
1 Gyr. Interestingly, their data at redshift z ∼ 4−5 is in agreement with the majority of
previous studies as mentioned before, as well as the faint-end slope for higher redshifts.
However, the bright end suggests a larger amount of galaxies with those magnitudes at
z & 6 than for ground-based studies [e.g. Willott et al., 2013]. For z ∼ 6 they found
a value of M∗ = −21.23, different from the M∗ ∼ −20.0 found in other studies [e.g.
McLure et al., 2009]. At higher redshifts z & 7, both the characteristic number density
and the faint-end slope seem to be consistent with most studies as well, but M∗ is
brighter.
As in the aforementioned studies, Bouwens et al. [2015b] used HST data from both
wide-area and deep surveys to study the UV luminosity function. They covered about
double the area that McLure et al. [2013] did and around three times the area that
Finkelstein et al. [2015] comprised. They construct a sample of over 10, 000 galaxy
candidates in the redshift range z ∼ 4− 10, with almost 700 sources at z ∼ 7− 8 and 6
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Figure 2.4: Luminosity function for z ∼ 4, 5, 6, 7, 8, 10 calculated by [Bouwens et al., 2015b]
using a SWML fit to the galaxy candidates from the HST data sets CANDELS, HUDF09,
HUDF12, ERS, and BORG/HIPPIES.
candidates and z ∼ 10. Figure 2.4 shows the results for the LF found in this study for
redshifts z ∼ 4, 5, 6, 7, 8, 10. Their exhaustive examination of the Schechter fit reveals a
broad agreement with their previous studies in the main measurements [e.g. Bouwens
et al., 2011], but still shows some significant differences. One is a less pronounced
evolution of M∗ with redshift, something that is also found by Finkelstein et al. [2015].
Depending on the redshift, we see that for z = 6.8, 7.9, 10.4 the calculated characteristic
magnitude is M∗ = −20.61,−20.19,−20.92 respectively, which is slightly brighter than
previous studies. For the same redshifts, the φ∗ presents a value of 0.46× 10−3Mpc−3,
0.44 × 10−3Mpc−3, and 0.013 × 10−3Mpc−3. It is important to note that the z ∼ 10
sample is very small and the values for M∗ and α were fixed. It can be seen that the
normalisation becomes larger with time, i.e. larger for smaller redshifts. This evolution
appears to be the dominant one. For the values of the faint-end slope, they find it
becomes steeper with redshift, with α = −1.64 at z ∼ 4 to α = −2.02 at z ∼ 8. As
previously mentioned, the evolution of the parameters is not clear in regards to their
contribution in the evolution of the luminosity function as a whole. In fact, this study
suggests that the combination of the evolution in φ∗ and α can produce the same results
as an evolution inM∗ in noisy data. This offers an explanation as to why previous study
suggest a more pronounced evolution of M∗ with redshift.
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McLeod et al. [2016] searched for z = 9−10 galaxy candidates in data from the Hubble
Frontier Fields survey and CLASH. They find 33 sources with photometric redshift
z & 8.4. The main findings of this study are that the evolution of the luminosity
function from z ∼ 8 to z ∼ 9 is smooth. This evolution can be described either by pure
luminosity evolution or by pure density evolution. The first would be accounted for a
dimming of 0.5 magnitudes in M∗ while the second would require drop of a factor of
' 2 in φ∗. They extend this and conclude that the luminosity function can be described
by a smooth transition from z ∼ 6 until at least z ∼ 10.
Ishigaki et al. [2018] performs a study with the Hubble Frontier fields data, where we
find ∼ 450 galaxy candidates in the redshfit range z ∼ 6− 10. They find a steep faint-
end slope, with α ∼ −2. The values of the parameters M∗, φ∗, and α are consistent
with previous studies such as Bouwens et al. [2015b] and McLeod et al. [2016].
We can conclude that for the redshift range of z ∼ 6 − 10, the number density of
galaxies has consistently be shown to decline. However, there is clearly more work to do
regarding the study of the luminosity function, particularly at higher redshifts, z & 8,
where the uncertainties are quite high and the evolution of the luminosity function has
not been entirely understood. Whether it is an evolution in luminosity, in density or in
both has not been established yet. In terms of the faint-end slope, which is crucial in
order to understand the Reionisation process, the values are around α ∼ −2. However,
it is extremely important to constrain this value, because small differences such as a
slope of α . −2 leads to formally divergent luminosity densities.
Comparing with lower redshift galaxies, the overall space density decreases at z & 4.
However, the factor by which this happens is different for the faint end and the bright
end. The bright end shows a significantly larger drop than the faint end. This implies
that faint galaxies were more numerous in the past, therefore they could be responsible
for the Reionisation. As it can be seen, even though great progress has been made
towards understanding the contribution of galaxies in the process of Reionisation, we
are still far from fully understanding the entire process and how galaxies take part in
it.
Numerical simulations and theoretical modelling suggest that the luminosity function
flattens at some point or even turns over for magnitudes fainter than MUV = −17 [e.g.
O’Shea et al., 2015]. This is because star formation becomes progressively less efficient
in low-mass Dark Matter haloes, and it eventually ceases when the atomic cooling limit
is reached. In the high redshift range, this is very difficult to observe with the current
technology. So far, the faintest luminosities reached by surveys have not shown evidence
for a turnover, but if it happens it is expected to be at fainter magnitudes than observed.
56 2: Galaxies at High-Redshift
Livermore et al. [2017] found new galaxy candidates at z ∼ 6, 7, 8 in the Hubble
Frontier Fields which are lensed and intrinsically faint. This is remarkable as it extends
the sample up to faint magnitudes of MUV = −12.5,−14.5,−15 for the respective
redshift ranges. This study finds that the faint-end slope is consistent with a single
power law at faint luminosities, with no apparent turnover up to at least a magnitude
ofMUV = −11.1. This is in agreement with some studies that did not find the turnover
either [Finkelstein et al., 2015, e.g.]. Even though this study is at low redshift, Alavi
et al. [2014] analyses the UV luminosity function for a sample of 58 strongly lensed
LBGs at 1 ≤ z ≤ 3. They also find no turnover up to a faint magnitude of M1500 ∼
−13. Bouwens et al. [2017], however, claims that the turnover would occur at higher
luminosities (MUV > −14.2 with 68% confidence), and that it cannot be constrained
at such faint luminosities as Livermore et al. [2017] found.
2.3.2 Simulations
The evolution of galaxies is governed by processes that are not fully understood such
as star formation, feedback, and gas cooling, among others. With a complete compre-
hension of these processes, simulations can reproduce observable properties that can
be measured today, in particular the luminosity function. Having the observables, and
the initial conditions, the subgrid physics recipes on the simulations are adjusted such
as that the observed results can be reproduced. This can shed a light on the details
of these processes. The types of simulations can be categorised into two main fami-
lies, one being semi-analytic models (SAMs) and the other one being hydrodynamical
(numerical) simulations.
Hydrodynamical simulations solve the equations of gravitation and hydrodynamics
for the particles in it. The arrangement and distribution of these particles are generally
approached in two different ways: Eulerian and Lagrangian. The first discretises the
space, consisting of a grid fixed in space populated by the particles; while in the second
the mass is discretised, using particles for the gas which flow. Nowadays, other variations
of these approaches are used as well, becoming more common.
Although more accurate than SAMs, hydrodynamical simulations are computation-
ally expensive. SAMs follows a different procedure using analytic techniques for the
description of the processes involved. One important difference is the manner in which
galaxies are represented. In hydrodynamic simulations, a galaxy is represented by par-
ticles, allowing details about the hydrodynamics and gravitational mechanisms in play.
On the other hand, galaxies are treated as unresolved objects in SAMs, focusing on its
integrated properties. Regardless of these differences, recent studies have found that
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the results can be in good agreement, and differences found in previous studies can be
attributed to the different parameters adopted. [e.g. Neistein et al., 2012].
The larger degrees of approximations involved in SAMs make this method less com-
putationally intensive by using a set of simplified equations for bulk components instead
of solving fundamental equations for particles. Rather than tracking the evolution of
individual particles, it focuses on general quantities, such as the amount of gas that
accretes into halos [Somerville and Davé, 2015].
Semi-analytic models approach the behaviour of dark matter by using results from N-
body simulations and the baryonic matter with analytic simplified equations [Hirschmann
et al., 2012]. Despite relying on approximations, this method has produced successful
results for galaxies in large cosmological volumes. Semi-analytic models of galaxy for-
mation are an important tool for understanding the properties of galaxy populations in
large cosmological volumes such as their luminosity distributions, star formation rates,
morphology, among others.
In summary, semi-analytical models are less computationally expensive than hydrody-
namical simulations, but they compromise in the detailed description of the gas physics
and rely on empirical laws or idealised laws for galaxy formation properties. They are
a great tool for reproducing statistical properties but hydrodynamical simulations are
the preferred method for reproducing the individual properties of galaxies.
Simulations and the luminosity function
Reproducing observed properties such as the luminosity function is a main goal of
simulations. The luminosity function is one of the key observable properties of galaxies
along with the mass function. It can give us insight to different processes by comparing
observations with theoretical results. However, this is not straightforward. A sample
of galaxies can be limited in different ways, for example by volume or by magnitude
(flux). Furthermore, certain of the physical initial conditions play an important role
in how the luminosity function is going to look. For example, many of the results of
the shape depend on physical properties such as stellar feedback. However, simulations
and observations are both important, because by comparing observable and theoretical
models we can gain insight in to processes involved in the formation and evolution of
galaxies.
Observations of the luminosity function at the epoch of Reionisation do not provide
enough information about faint galaxies which is explained by the limitations of tech-
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nology. Simulations are then key to understanding what happens at these magnitudes.
This is important because the amount of faint galaxies can suggest whether they are
responsible for the production of photons that ionised the environment, or whether the
involvement of brighter galaxies is needed for this process. As extensively discussed in
the previous Section, the slope for the faint end of the luminosity function remains an
active topic of discussion. For example, although most studies support a flattening or
turnover, the magnitude at which this happens and the slope of the flattening are still
open questions.
Liu et al. [2016] studied the luminosity function of galaxies in the redshift range of
z ∼ 5 − 10 by using MERAXES [Mutch et al., 2016]. This is a semi-analytic model,
specially designed for studying galaxy formation during the Epoch of Reionisation.
This study finds that the slope of the predicted UV luminosity function remains steep
below current detection limits, becoming flat for M_UV > −14 and declining for
MUV ∼ −12. They also find that the majority of UV flux is coming from bright
galaxies (MUV < −13) for the redshift range of the study. For galaxies at z ≥ 7, the
dominant contributors are the ones with magnitudes in the range of −17 .MUV . −13.
When comparing to observed luminosity function fits by Bouwens et al. [2015b], they
are in excellent agreement with the simulation’s results. The comparison is expanded
to fainter luminosities, where Atek et al. [2015] has data up toMUV = −15.25 at z ∼ 7,
and the simulation is still in good agreement. Taking advantage of these agreements
the results can be expanded to predict the shape of the luminosity function for fainter
luminosities where data is yet to be collected.
The Renaissance Simulation [O’Shea et al., 2015], a hydrodynamical based simulation,
is also in good agreement with recent observations. Interestingly, it predicts a rather
flat slope for low luminosities that does not agree with the extrapolated shape from
fitting a Schechter function to observations.
Ceverino et al. [2017] used the FirstLight Project, a high-resolution database of sim-
ulated galaxies around at z ≥ 6, in order to study the UV luminosity function at said
redshift. Their results are in good agreement with the observed data for z ∼ 10 and
they find that the UV luminosity function starts to flatten belowMUV > −14, attribut-
ing this flattening to stellar feedback. They also find that the power-law slope evolves
rapidly with redshift, with a value of α ' −2.5 at z = 10.
As we can see, simulations tend to be in good agreement with the observations.
The main results predict a flattening of the luminosity function at MUV > −14, and a
pronounced faint end slope. This is broadly related to feedback processes and decreased
efficiency in cooling as the halo virial temperature approaches Tvir = 1× 104K.
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2.4 First Galaxies and their observed properties
Defining a galaxy is already a complicated task when they are at lower redshift, but
doing so at the time of the formation of the first galaxies is considerably more complex.
As discussed in Bromm and Yoshida [2011], the definition of first galaxy can be different
depending on the point of view, whether theoretical or observational. The first galaxies
can refer to galaxies with zero metallicity, or hosts to predominantly Pop III stars; or it
can refer to the galaxies that first formed. The epoch at which galaxy formation started
is still uncertain, but it is expected to be at a around a redshift of z ∼ 40 [Stiavelli and
Trenti, 2010].
Interestingly, the former definitions do not refer to the same type of objects, as the
galaxies that first formed are not the most chemically poor. As they formed in areas
with strong clustering, stars there have gone through their cycle and have given way to
Population II stars and have contaminated the environment [e.g. Wise and Abel, 2008].
Details on how the first galaxies formed and evolved are complex and elusive. How-
ever, observations of galaxies close to the time of formation can help us understand
some of the mechanisms. Following we present some relevant properties that have been
observed.
2.4.1 UV slope
The UV light in the spectrum of a galaxy is determined by the massive stars it hosts
and the dust that exists in the galaxy. Therefore, properties of these first massive stars
such as their mass and star formation rates can be deduced from the value of the UV
slope provided the LUV is known and a grid of stellar population synthesis models is
assumed.
As mentioned in Section 2.1, the slope of the UV continuum in galaxy spectra is
parametrised as β. One of the reasons why the UV continuum slope is relevant in the
study of galaxies is its correlation with three important properties. As summarised by
Dunlop et al. [2013], β has been shown to be a good tracer of dust extinction, as it is
well correlated with excess far-infrared emission from dust; it is a function of age as
well; and it is also an indicator of metallicity. Therefore, the value of β being known,
the value of one of said properties can be estimated if the remaining two properties are
also known from observations or models.
The main assumption is that the UV continuum slope and the flux density follow a
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power law,
fλ ≈ λβ (2.1)
with fλ being the flux density and λ the wavelength. By definition, using the frequency
ν instead of the wavelength λ,
fν ' ν(β+2). (2.2)
Therefore galaxies with a flat spectral slope in fν have a value of β = −2.0.
What has been found is that high-redshift galaxies tend to present less absorption
than their low redshift counterparts. A few studies have also pointed out that this is true
for low luminosity galaxies as well. The first estimations of this spectral index include
Bouwens et al. [2003] and Stanway et al. [2005]. The latter opened the possibility of
bluer values of β < −2.0, which had been the assumed value in earlier studies. However,
more recent studies showed values of β ∼ −1.5 for luminous galaxies, which are more
consistent with redder colours. Several studies cited below explore the theory of the
luminosity and the spectral index having a correlation.
Bouwens et al. [2009] carried out a systematic study over ∼ 1400 galaxies in the
redshift range of z ∼ 2 − 6 using multi-wavelength broadband imaging data. They
found that the UV continuum keeps the trend of being bluer at z ∼ 6 than at z ∼ 3− 4
by ∼ 0.5. They also found that this was true for low luminosity galaxies. Although
this study had mainly bright galaxies in their sample at z > 5, which made it hard to
extend their conclusions for low luminosity galaxies, posterior studies confirmed their
findings.
An important dependency to explore is β-MUV . If such dependency exists at high-
redshift, it could imply that a relationship between metallicity and luminosity of galaxies
is established at early times. Due to the challenges the observation of faint high-redshift
galaxies present, few studies have covered the β−MUV dependency at z & 6 [examples
include Finkelstein et al., 2012, Rogers et al., 2013, Dunlop, 2013, Rogers et al., 2014,
Bouwens et al., 2014]. Studies at intermediate redshift, 4 ≤ z ≤ 6, find a colour-
magnitude dependency, with low luminosity galaxies emitting more blue light than
their intrinsically brighter counterparts. At z & 6, a consensus has not been reached
yet. Studies such as Bouwens et al. [2014] do find a relationships, while other studies,
including Finkelstein et al. [2012] and Rogers et al. [2013] find no evidence for this
dependency.
Wilkins et al. [2016b] used hydrodynamic simulations to predict the values of the
UV continuum slope for galaxies in the Reionisation epoch in the redshift range of
z = 8 − 15. Depending on the model used, the values they obtain for β vary between
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∼ −2.7 and ∼ −2.45. They also find an evolution of the value of beta of ∼ 0.15 towards
bluer colours when moving from z = 8 to z = 15. In another study, Wilkins et al.
[2016a] used HST and Spitzer data of five z ∼ 10 galaxy candidates and characterised
their slope finding a value of 〈β〉−2.1, which is not considerably bluer than the observed
value of 〈β〉 ∼ −1.7 of galaxies at lower redshift, z < 8. This shows that there is some
dust attenuation even at this high value of redshift. Furthermore, Watson et al. [2015]
observed a galaxy at z = 7.5 with the Atacama Large Millimeter Array (ALMA), and
found that the spectral slope of the galaxy was consistent with a value of β = −2.0,
unexpectedly blue for a galaxy at high redshift.
Because the dependence of β with galaxy properties such as dust, star formation,
metallicity, among other, it is hard to draw conclusions about the nature of the star
populations of these galaxies unless spectroscopy is available.
2.4.2 Composition
The chemical composition of galaxies is of great importance. The metallicity of early
galaxies at this redshift can help elucidate, for example, whether galaxies with only Pop
III stars existed.
Simulations suggest that small β values, β . −2.5, are a feature of very-low metallic-
ity and dust-free objects [Dunlop et al., 2013]. Although values of β . −2.5 have been
scarce, there are some examples. Finkelstein et al. [2012] found values of 〈β〉 − 2.68 for
faint galaxies at redshift z ∼ 7, which is consistent with a young, dust-free population of
low-metallicity stars (0.2Z). This would agree with the theory where the first galaxies
are dwarf faint galaxies with low metallicity.
2.4.3 Star Formation Rates and Dust
UV continuum slopes have been shown to correlate with dust content of galaxies in the
local Universe up to redshift z ∼ 2 [e.g. Meurer et al., 1995, Daddi et al., 2004]. There-
fore, the measurement of the slopes at high-redshift can help us constrain the fraction
of dust in early galaxies. This is closely linked with the star formation rate because UV
light is absorbed by dust. We need to be able to estimate the dust contribution in order
to estimate star formation rates accurately.
Salmon et al. [2015] studied the average properties of a sample with galaxy candidates
within the redshift range 3.5 < z < 6.5 from the CANDELS GOODS-S field. The
properties of these galaxies are studied by fitting Spectral Energy Distribution (SEDs)
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templates and deriving the physical properties of such galaxies. They find almost no
evolution of the star formation rates with the stellar mass. Their findings are consistent
with an increasing star formation history for lower redshifts. However, the specific star
formation rate increases from z = 4 to z = 6.
The values found by Wilkins et al. [2016a] for galaxy candidates at z ∼ 10 are larger
than would be expected from galaxies with no dust, inferring that there is still some
dust attenuation even at z ≈ 10. Watson et al. [2015] is another example that supports
this conclusion since they find a significant amount of gas in a galaxy at z = 7.5.
2.4.4 Sizes and Morphologies
Despite the challenge of the small apparent sizes of galaxies at high redshift, some
studies have attempted to measure them [e.g., Oesch et al., 2010, Shibuya et al., 2015,
Holwerda et al., 2015]. The latter article analyses six z ∼ 9−10 galaxy candidates, and
finds that their sizes are in agreement with extrapolations from low-redshift galaxies,
which predict sizes of approximately 0.6 kpc. A similar size is found by Oesch et al.
[2010], with a radius of ∼ 0.7 kpc for a sample of LBGs at z ∼ 7−8. They also compared
their results to LBGs down to z ∼ 4 and see only a very slow size evolution. Similarly,
Curtis-Lake et al. [2016] measured the evolution of galaxy sizes and morphology for a
sample of galaxies in the redshift range of 4 < z < 9, finding a negligible evolution of the
sizes with the redshift. They also find no evolution of disturbed galaxies with redshift.
This same study raises an important point when measuring the sizes of galaxies; the
widely used software for source identification, SExtractor [Bertin and Arnouts, 1996]
systematically underestimates the sizes for large galaxies.
Some studies have looked into this topic using simulations. This is a good complement
to observations and it can help with the comparisons. Liu et al. [2017] uses a semi-
analytic model to predict the sizes and evolution of z > 5 galaxies. They find that their
predicted sizes are in agreement with the bright candidates found at z > 7.
Bowler et al. [2017a] finds a weak evolution of the radii with bright magnitudes when
only using the single component galaxies, which becomes steeper if the galaxies have
multiple components. Bright galaxies appear to have considerably larger sizes than the
faint ones, which they explain because of the multiple component nature of these. The
size ranges for the half-light radii are r1/2 = 0.2− 3.2kpc. The fainter galaxies show a
size of r1/2 ∼ 0.5kpc, consistent with other studies.
Regarding morphology, most studies agree that high-redshift galaxies (z '7) show
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clumpy and disturbed morphologies. Bowler et al. [2017a] argue that the multiple
components observed in these galaxies are physically associated. According to them,
it is likely that these components are classified as separate sources when observed by
a telescope with higher resolution such as HST. The clumpy objects they find tend
to be the brightest in the sample as well. They conclude that this suggests clumpy
star formation or merging galaxies. The latter would explain the high luminosity of
these galaxies more easily as a similar phenomenon is observed at lower redshifts. The
conclusion that these clumps are physically associated is also supported by the higher
specific star formation rate, which would imply that the environment - whether a merger
or a starburst - is triggering a higher density of star formation.
2.5 Summary
We have presented an overview of the photometric and spectroscopic features of high
redshift galaxies, with a focus on Lyman Break Galaxies and their properties.
The most popular and successful technique used to spectroscopically confirm high-
redshift galaxy candidates are based on the detection of the Lyman-α line. Because of
the increasing amount of neutral hydrogen at early redshifts, it is not a surprise that
there is a drop in the detection of galaxies at z > 6.6, as this line sometimes cannot be
detected.
The studies of the Reionisation epoch and the galaxy luminosity function at the
corresponding redshift have suggested that faint galaxies are responsible for ionising
their environment, with magnitudes as faint as MUV ∼ −13, along with an evolution
in the escape fraction.
Despite the challenges to study galaxies at high redshift, many of their properties
have been studied and we already have a picture of how they are expected to be. They
have proven to be clumpy and irregular, with dust, which suggests that star formation
is still occurring at redshifts of z ∼ 7.
Important progress is expected with the improvements in the next generation of
telescopes, allowing us to measure the galaxies responsible for Reionisation and their
properties.
Photometric selection techniques are being used for galaxies at z ∼ 10−12 nowadays,
but spectroscopy has not gone above z ∼ 8, and it likely won’t be able to if it relies on
Lyman-α emission line detection, due to reionisation.
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This motivates our work in the next chapter, where we apply the dropout technique




Observing the sky has interested humans since the beginning of time. Major efforts
have been made in order to be able to comprehend the Universe. Modern telescopes
have allowed us to reach faint limits, and we are close to observing the Universe at the
time of formation of the first galaxies. This has driven a growth in the field of the search
for galaxies, which has had a remarkable evolution in the last 20 years.
Most of the high redshift surveys have been carried out with HST, which revolu-
tionised the search for high redshift galaxies, pushing their discovery from redshift
z ∼ 3 Giavalisco et al. [1996] to current galaxy candidates as high as z ∼ 11 [Coe et al.,
2013, Oesch et al., 2016]. The installation of the Wide Field Camera 3 (WFC3) with
a state-of-the-art near-infrared detector played an important role in this revolution, al-
lowing us to have a glimpse of the first galaxies and their evolution during the epoch of
Reionisation.
Because of the distribution of objects with respect to their intrinsic luminosity (see
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Chapter 5 for a review on the galaxy luminosity function), finding both bright and faint
galaxies is challenging. Bright galaxies tend to be rare, therefore large areas of the sky
compared to the typical instrumental field of view need to be observed. Conversely, faint
galaxies are much more common, but they present a difficulty in their lower intrinsic
magnitudes, requiring ultradeep exposures.
Different techniques have been used when designing the surveys in order to make them
more efficient and reach magnitudes as faint as possible and/or cover wider areas. One of
these techniques consists of using the magnification produced by the strong gravitational
lensing phenomena to find intrinsically dim galaxies. This is achieved by observing in
fields that contain massive objects such as galaxy clusters. The gravitational lensing
effect will make possible the detection of galaxies that are too faint to be observed
otherwise. Alternatively, surveys that focus on bright objects do not require such deep
magnitude limits. Therefore these observations are shallower, but they focus on covering
large areas.
In this chapter we present an overview of the HST and the WFC3, with a description
of some important galaxy surveys whose aim has been to find distant galaxies. We
then provide a summary of successful surveys that used this telescope. Additionally,
we describe two surveys we use in this thesis, BoRG and RELICS. Finally, we describe
our search for galaxies at z & 8 in these surveys and present the candidates found. The
results for the BoRG search have been published in Bernard, Carrasco et al. [2016]. We
refer throughout this study to AB magnitudes [Oke and Gunn, 1983].
3.1 HST
The launch of the 2.4 m Hubble Space Telescope (HST) in low-Earth orbit (∼ 550 km)
in 1990 prompted a revolution in Astronomy as its observations led to some ground-
breaking discoveries. After multiple servicing missions, currently, there are four main
instruments that are operating. These are the Advanced Camera for Surveys [ACS;
Sirianni et al., 2005], the Wide Field Camera 3 [WFC3; Windhorst et al., 2011], the
Cosmic Origins Spectrograph [COS; Froning and Green, 2009], and the Space Telescope
Imaging Spectrograph [STIS; Woodgate et al., 1998].
3.1.1 Wide-Field Camera 3 - WFC3
In 2009, WFC3 was launched and installed in the telescope, replacing the previous
camera, WFPC2. This camera, WFC3, features two UV/visible detecting CCDs, each
§3.2 High-Redshift Galaxy Surveys 67
2048× 4096 pixels, and a separate IR detector of 1024× 1024.
Compared to its predecessor, Wide Field and Planetary Camera 2 (WFPC2), WFC3
has a higher resolution, a larger field of view and two channels: UV and IR, with a pixel
scale of 0.04”/pix and 0.13”/pix for each channel, 2×2048×4096, and 1024×1024 field
of view, respectively, and spatial resolution of 0′′.04 FWHM at 2000 Å to 0′′.16 FWHM
at 16000 Å.
The camera has a two-channel configuration, with an Infrared Channel and a UVIS
channel. This dual-channelling allows for a wide-wavelength coverage, with a range of
2000− 17000 Å.
The light from the telescope goes into WFC3 using a pick-off mirror, and is directed
to either the UVIS or the NIR channel.
NIR Channel
The Near Infrared channel has a field of view of 123′′ × 137′′, with a wavelength range
of 8500− 17000Å and 17 filters. They include wide filters, medium filters, and narrow
filters.
The detector type is a crystalline photosensitive surface composed of mercury, cad-
mium and tellurium (HgCdTe). It has one megapixel.
UVIS Channel
The Ultraviolet-visible channel has a field of view of 162′′ × 160′′, with a wavelength
range coverage of 2000 − 10000Å and 63 filters. They include longpass filters, wide
filters, medium filters, and narrow filters. The detector type is Charge Coupled Device
(CCD), a low noise array of high sensitivity and 16 megapixels.
3.2 High-Redshift Galaxy Surveys
The rapid progress generated by HST in terms of obervational capabilities naturally led
to the planning of galaxy surveys. Several successful surveys for high-redshift galaxies
have been carried out by HST. Below is a summary.
• Hubble Deep Fields [HDF; Williams et al., 1996]. The pioneer in this type of
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survey, it was carried out in 1995. It was taken with the Wide Field/Planetary
Camera 2 (WFPC2) with a total exposure time of 10 days. It consisted of a deep
image of an area of approximately 5.3 arcmin2 taken in four filters: U300, B450,
V606, I814. The composed image (see Figure 3.1) is one of the most famous Astro-
nomical images. It provided a deep view of the Universe, as it purposely avoided
bright stars. Follow-up observations of the HDF included almost the whole wave-
length spectrum, and over 3, 000 galaxies were observed. It motivated innumerable
studies and discoveries, including spectroscopic measurements of many of these
sources.
In 1998, the south portion of the sky was observed, giving way to the HDF South1
[Gardner et al., 2000]. Instead of avoiding bright objects this time, the field con-
tained a quasar. This was in order to be able to observe the absorption lines
produced in the quasar spectrum by the galaxies in the field [e.g. Gunn and
Peterson, 1965, Bahcall and Salpeter, 1965]. The requirement of having a quasar
and galaxies and being observed by HST resulted in the observation of a field
that had many bright stars. The photometric measurements for the galaxies was
therefore more complicated than for HDFN and truncated its impact. The obser-
vations of WFPC2 were complemented with STIS and NICMOS.
The HDF observations had a significant impact in understanding galaxies. One
of the main findings was about the morphology of high-redshift galaxies, which
differs from those in the local Universe. It was found that the distribution of their
morphologies departs from anything like the Hubble Sequence observed at low
redshift.
• Great Observatories Origins Deep Surveys [GOODS; Giavalisco et al., 2004]. This
is technically a joint observation as it comprises two fields observed by several
telescopes, GOODS-North and a small region of the Chandra Deep Field South
(CDFS). Some of these telescopes included the Chandra satellite and Spitzer.
Each field has a minimum observed size of around 16′ × 10′. The fields were
observed with the ACS (B435, V606, i775, and z850 filters) at several epochs between
the years 2003 and 2005. GOODS-North contains the HDFN region, and CDFS
contains the HUDF region.
This survey has led to a number of successful publications. Some of the most
remarkable results include a thorough study about the metallicity of galaxies
at 0.3 < z < 1.0 [Kobulnicky and Kewley, 2004], first constraints on the UV
luminosity function at z ∼ 6 [Bouwens et al., 2006], and the stellar mass function
of galaxies at z ∼ 5 [Drory et al., 2005], among others.
1The original HDF was subsequently renamed HDF North, or HDFN.
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Figure 3.1: Combined image of the Hubble Deep Field. Credit: R. Williams (STScI), the
Hubble Deep Field Team and NASA/ESA.
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• Hubble Ultra Deep Field [HUDF Beckwith et al., 2006]. In 2004, the Hubble Space
Telescope again recorded the deepest image of the Universe. This was achieved
with a newly installed camera, the Advanced Camera for Surveys, which was more
powerful than WFPC2, with a field of view twice as large and a pixel size of 0′′.05,
about half of the pixel size from WFPC2. The filter was taken with the same four
filters as HDF, but reaching magnitude limits of about mAB ≈ 29. These allowed
for the findings of galaxies up to redshift z ∼ 6, which was ground-breaking. This
image was also observed by NIR channel of WFC3 in the bands Y, J, and H.
This allowed having comparably good data in the infrared and visible part of the
spectrum.
This survey helped understanding high-redshift galaxy populations which were
found to be similar to the ones of galaxies at z ∼ 3. This suggests that the
galaxies evolved quickly in the first stages of the Universe. After the observations
with WFC3, galaxies at even higher redshifts were found.
• The Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey [CANDELS
Grogin et al., 2011, Koekemoer et al., 2011]. This survey uses both NIR and
UVIS channels from the WFC3, and the ACS as well. WFC3/IR is the primary
instrument, and ACS/WFC is used in parallel. It took ∼ 10% of HST’s available
observing time for three years. Its main goals are studying the evolution of galax-
ies and black holes in the redshift range z ∼ 1.5−8, and Type Ia supernovae (SNe
Ia) at z > 1.5 to characterise Dark Energy. It observed five extragalactic fields
that were previously observed in other surveys. These fields are GOODS-North,
GOODS-South, COSMOS, EGS and UKIDSS/UDS. The survey includes Deep
fields that comprise 133 arcmin2 withing HDF North and Chandra Deep Field
Shouth. They were imaged in the bands YF105W , JF125W and HF160W and have
magnitude limits of mAB ≈ 27.5. CANDELS also include wide fields, which cover
an area of 553 arcmin2 and it is observed in two bands JF125W , HF160W with limit
magnitudes of mAB ≈ 26.6.
Several studies about high-redshift galaxies were done with CANDELS data.
These include studies about the UV colours of galaxies at z ∼ 4 − 8 [Finkel-
stein et al., 2012], their size and luminosity at z = 7 [Grazian et al., 2012], among
others. Because this survey was primarily based on data from ground telescopes
and only complemented by HST data, it covered a wide area which allowed the
discovery of several bright galaxies at high-redshift, providing some of the best
constraints on the bright-end of the luminosity function [e.g. Yan et al., 2012,
Lorenzoni et al., 2013, Roberts-Borsani et al., 2016]. It is important to note that
CANDELS data has not only been used for galaxies at high-redshift. Discoveries
of faint AGNs at z > 4 [Giallongo et al., 2015], and a study aimed to track the
§3.2 High-Redshift Galaxy Surveys 71
evolution of structure and activity of massive galaxies at z = 1.4− 3 [Barro et al.,
2013] are examples of this.
• Cluster Lensing and Supernova survey with Hubble [CLASH Postman et al., 2012].
This is a 524-orbit multi-cycle treasury program that imaged 25 galaxy clusters
with HST using 16 filters with ACS and WFC3/NIR. Five of these clusters were
chosen because of their predicted highly effective lensing capabilities. Several in-
teresting scientific results have been produced from the observations with CLASH.
Significant progress has been made in terms of galaxy lensing [Meneghetti et al.,
2014, Zitrin et al., 2015]. It also set a record when the highest redshift photo-
metric candidate known at that point was found. This object is a z ∼ 10.7 [Coe
et al., 2013] galaxy candidate strongly lensed by a galaxy cluster, which produced
three images of the source. These images were only able to be detected because
of the strong lensing that magnified the source.
• Extreme Deep Field [XDF; Illingworth et al., 2013]. Taken in 2012, this became
the deepest image of the Universe. The observations were made in 9 filters, com-
prising NIR and visible wavelengths. It consists of 2963 separate images from the
ACS and WFC3/IR. The XDF includes all data taken by Hubble on the small
patch of sky first imaged as the Hubble Ultra-Deep Field (HUDF). The concept
of the eXtreme Deep Field (XDF) resulted from the realization in late 2011 that
all the data taken over the last 10 years with the Advanced Camera for Surveys
and the WFC3 on the HUDF had not been combined into a single extremely deep
image. This is what XDF is. All these images were combined in order to produce
the deepest image of the sky, which covers now approximately 4.7 arcmin2 up to
a limiting magnitude of mAB ≈ 31. Data from XDF has been used in important
publications such as the analysis and characterisation of galaxies at z > 8 [Oesch
et al., 2013] and measurements of the UV luminosity function during the epoch
of reionisation [Bouwens et al., 2015b].
• HST Frontier Fields [HFF; Lotz et al., 2017a]. Community survey initiative of
six deep fields centered on strong lensing galaxy clusters. Three of them are from
Abell et al. [1989] and the other three are from the MACS survey [Ebeling et al.,
2001]. Images of six deep blank fields adjacent to these clusters were also taken.
The program was designed with the following science goals in mind: to reveal faint
populations of z = 5− 10 galaxies that are between 10 and 100 times fainter than
the ones found with HUDF; to characterise the stellar populations of faint galaxies
at high redshift and understand the stellar mass function at the earliest times;
provide statistical morphological characterisation of star-forming galaxies at z >
5; find z > 8 galaxies stretched out enough by foreground clusters to measure
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sizes and internal structure and/or magnified enough for spectroscopic follow-up.
The magnitude limit of this survey is approximately mAB ∼ 29, depending on the
band. Because of the strong lensing, it can be expected to observe highly magnified
regions 10-100 times fainter than the limit magnitude. Both cameras WFC3 and
ACS were used for this survey, with the filters being BF435W , VF606W , IF814W ,
YF105W , JF125W , JHF140W , HF160W , and JHF140W . The last observations were
carried out by the end of year 2016. Important results have been obtained from
this data, including a measurement of the z ∼ 6 − 10 UV luminosity function
[Ishigaki et al., 2018], a detailed comparison among different strong lensing models
[Meneghetti et al., 2017], and studies on the sizes of faint galaxies [Bouwens et al.,
2017].
In the next sections we describe two surveys carried out by HST whose data we used.
3.3 BoRG
3.3.1 Overview
The Brightest of Reionizing Galaxies HST/WFC3 survey [BORG; Trenti et al., 2011,
2012] is a large Hubble Space Telescope (HST ) program whose aim is to identify bright
(mF125W & 27) galaxies at z & 7.5. This survey complements other efforts to find high
redshift galaxies, which are deeper in magnitude, but smaller in covered areas.
The observations for BoRG started in the Hubble Cycle 17, in 2010, and continued
until 2016. Its focus on galaxies at z & 7.5 (BoRG[z8]) was shifted to higher redshifts,
optimising the search for candidates at z ∼ 9− 10 (BoRG[z10]) from 2015 onwards.
BoRG[z8] comprises 78 fields with a total area of ∼ 350 arcmin2. On the other hand,
BoRG[z10] covers ∼ 550 arcmin2 over 120 independent lines of sight.
BoRG is a pure-parallel survey, which means that the data are acquired while Hubble
is pointing at primary spectroscopic observations. This helps avoid a well-known prob-
lem in these kind of searches known as cosmic variance. This concept can be understood
as sample variance, where limited areas in surveys are potentially affected by systematic
uncertainties due to large-scale structures. This typically introduces additional system-
atic uncertainty that is at least of the order of the Poisson noise [Trenti and Stiavelli,
2008]. Any property or function calculated for a sample of objects found in any con-
strained volume will be affected by cosmic variance as it is assumed this calculations
are from a homogeneous portion of the sky. While in surveys as GOODS or HUDF,
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cosmic variance accounts for ∼ 25% uncertainty, BoRG avoids this problem by using
random locations in the sky. This also brings some challenges, such as the depth and
image quality being non-uniform. It is important to clearly account for cosmic variance
because it can bias the results. In order to correct for this effect, surveys can either
sample substantially large parts of the sky so structures and voids that may be present
can be averaged out, or there can be several random pointings so in case large-scale
structures are present the variance can be statistically estimated. The latter approach
is taken by BoRG.
3.3.2 Observational Strategies
Below, Table 3.1 shows the wavelengths of the filters used by the BoRG survey. Fig-
ure 3.2 shows the transmission curves for the filters used in BoRG[z8] (top panel).
Filter Name Pivot Wavelength (Å)1 FWHM (Å) Usage
F350LP 58462 3500 BoRG[z10]
F606W 5997 2340 BoRG[z8]
F600LP 74442 6000 BoRG[z8]
F098M 9864 1700 BoRG[z8]
F105W 10552 3000 BoRG[z10]
F125W 12486 3000 BoRG[z8], BoRG[z10]
F140W 13923 4000 BoRG[z10]
F160W 15369 2900 BoRG[z8], BoRG[z10]
Table 3.1: HST filters used in the BoRG survey with their pivot wavelength, and full width
half maximum (FWHM). The top three bands are from WFC3/UVIS while the rest of them
are from WFC3/IR.
1 Pivot Wavelength is a measure of the effective wavelength of a filter [Tokunaga and Vacca,
2005].
We describe the observational strategies for both BoRG[z8] and BoRG[z10]. The
main difference is related to the filters used in order to optimise the search for galaxy
candidates, which depends on the targeted redshift. We focus more extensively on
BoRG[z8] since this is the data we will work with.
BoRG[z8]
The observations are made with the IR channel from the WFC3, with the exception of
one band used from the UVIS channel. An important design feature of this survey is
2Longpass filters block all blue light and permit all light longer than a nominal wavelength up to
the CCD red cut-off through.
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that it is planned to have a minimum amount of artefacts and low-redshift interlopers.
Since the galaxy candidates at the aformentioned redshift are expected to be YF098M
dropouts, this is one of the bands used in the survey. They are also complemented by
the JF125W and HF160W bands, where flux is expected. One optical filter, VF606W is
used in order to distinguish the galaxy candidate from lower-redshift interlopers. In a
small amount of fields, the band VF600LP is used instead. which come from another
pure-parallel program.
The field sensitivities are individual for each field, but the median magnitude limits
at 5σ detection are mF606W = 26.9, mF600LP = 26.4 , mF098M = 26.8, mF125W = 26.7 ,
and mF160W = 26.3. The median exposure times are texp = 2647, 2334, 4515, 2205, 1405
seconds, respectively. The exposure time between filters has been allocated by keep-
ing the relative depths approximately constant, within the constraints imposed by the
primary program.
BoRG[z10]
In order to optimise the search for galaxies at z ∼ 9 − 10, the filters used here are
F350LP , YF105W , JF125W , JHF140W , HF160W . The new filters are optimised to differ-
entiate galaxies at z ∼ 9−10 from their contaminants and artefacts. WFC3 pointings in
BoRG[z10] have variable exposure times, from texp ∼ 7000− 19000 seconds, depending
on the number of orbits which is determined by the primary program.
3.3.3 Results
The BoRG survey has been very successful. Studies performed with BoRG data have led
to several photometric galaxy candidates at z & 7.5, such as Bradley et al. [2012], Calvi
et al. [2016]; Bernard, Carrasco et al. [2016]. Furthermore, follow-up spectroscopical
confirmation has also been pursued [Treu et al., 2013, Livermore et al., 2018]. The most
relevant measurements of the UV luminosity function for high-redshift galaxies have
included BoRG data [e.g Bouwens et al., 2015b, Finkelstein et al., 2015, McLeod et al.,
2016].
Its data has also been used for studies in different areas, such as finding Milky Way




The Reionisation Lensing Cluster Survey [RELICS; Coe et al. 2018, in prep.] aims at
analysing 46 fields strongly lensed by 41 massive clusters in order to efficiently search
for and study magnified high-redshift galaxies. It covers approximately 207arcmin2.
RELICS targeted high mass clusters according to their Sunyaev Zeld́ovich [Sunyaev and
Zeldovich, 1972] mass estimates in the Planck catalogue [Planck Collaboration et al.,
2016]. Previous results of high-redshift galaxies observed by HST with magnitudes
brighter than mF160W & 25.5 are rarer than expected. Objects with fainter magni-
tudes are extremely difficult to follow-up spectroscopically with the current technology.
Therefore, the RELICS strategy is to search for galaxies whose brightness has been
magnified by strong gravitational lensing. This way, the number of galaxy candidates
in the epoch of Reionisation can be actually analysed spectroscopically, which allows
for a better understanding of this process.
The 41 clusters selected for this survey have been observed in the NIR (with NICMOS
or WFC/IR). A total of 21 of these galaxy clusters have masses similar or greater than
the HFF clusters and were included within the 34 most massive clusters according to
Planck observations [Planck Collaboration et al., 2016]. The rest of the galaxy clusters
were chosen regarding their previous observational status with HST, i.e. prioritising
galaxy clusters that had been previously observed with this telescope. Their mass
estimates as measured by X-ray observations and other techniques were also considered.
In comparisons with CANDELS, CLASH and other surveys, it has been predicted
that RELICS would observe around 40 − 200 galaxy candidates at z & 9 and ∼ 170
candidates at z ∼ 8. The first search is described in Salmon et al. [2018], where they used
photometric redshift fitting codes in order to find candidates. This study identified 321
candidates in the redshift range of z ∼ 6−8. A remarkable result is the discovery of some
extremely bright candidates with magnitudes as bright as mF160W ≈ 23. Interestingly,
only 8 of the candidates are at z ∼ 8. We perform our own search in this data, which
is shown in Section 3.6.
In addition to the HST imaging, Spitzer IRAC programs have been born from
RELICS (PI Bradaĉ, PI Soifer). The IRAC 3.6µm and 4.5µm bands have proven to be
useful in the photometric redshift estimations. Because of their wavelength, they can
help distinguish between z > 5 galaxies and dusty galaxies at lower redshift.
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3.4.2 Observational Strategies
Below, Table 3.2 shows the wavelengths of the filters used by the RELICS survey.
Figure 3.2 shows the transmission curves for the filters used in RELICS (bottom panel).








Table 3.2: HST filters used in the RELICS survey with their peak wavelength and full width
half maximum (FWHM). The top three bands are from ACS, while the rest of them are from
WFC3/IR
RELICS observed 46 fields comprising 41 clusters, with five of them being observed
with additional pointings. All the clusters are observed in two orbits of HST with
WFC3, and it uses the same seven filters as HFF, which cover the wavelength range of
4000−17000Å. From the NIR channel, the filters F105W, F125W, F140W, and F160W
are used. Furthermore, available data from previous observations with ACS is used for
23 clusters. For the remaining 18 clusters, observations are made with 3 orbits in total
in the filters F435W, F606W, and F814W.
The observations are split into two epochs separated by approximately a month for
variability search. Twenty additional orbits were allocated for variability Target of
Opportunity follow up.
3.4.3 Results
With the observations finished in October 2017, the majority of the data has not been
exploited yet. However, some studies have started to see the light. A particularly
exciting result from this survey is the discovery of a z ∼ 10 galaxy candidate whose
image has been stretched out by gravitational lensing Salmon et al. [2018]. This is the
first galaxy candidate at such high-redshift that occupies such large area, presenting a
unique opportunity for resolving stellar populations during the Reionisation epoch.































Figure 3.2: Transmission curves for the sets of HST filters used in BoRG[z8] (top panel) and
RELICS (botom panel). It is clear that both surveys cover approximately the same wavelength
range. However, RELICS has two more filters, one of them, F140W, in the range of the Lyman
break for galaxies at z & 8.5. This improves the selection at those redshifts.
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duced and applied to study mass estimates for some of the galaxy clusters [Acebron
et al., 2018, Cerny et al., 2018, Paterno-Mahler et al., 2018, Cibirka et al., 2018].
If the predictions regarding the number of high-redshift galaxy candidates that will be
found in this data are correct, this will be an important improvement in the field. This
will help constrain the data in the UV luminosity function. Otherwise, if the predictions
are proven to be too high, that will shed some light on strong lensing, where important
improvements will need to be made in order to understand the lack of high-redshift
galaxy candidates being lensed by galaxy clusters.
3.5 Our search: BoRG
We applied a selection technique for redshift z ∼ 10 by searching for J-dropouts in the
survey BoRG[z8]. The results of this selection were published in Bernard, Carrasco et
al. [2016].
As explained previously, the aim of this survey is to identify galaxies at z ∼ 8, hence
the filters used for the observations are not optimised for redshift z ∼ 10. Conse-
quently, finding high redshift galaxies can be more challenging as the bands are not
ideal. BoRG[z10] includes the band F140W , whose coverage is between F125W and
F160W in terms of the wavelength. This is relevant as the Lyman break is expected
to be observed in this wavelength range for galaxies at redshift z & 10. Thus, the flux
received in the F140W gives a better insight of the nature of the galaxy. For instance,
if there is flux only in F160W , but no detection in F140W , it is very likely that the
detected object is an artefact. In the case of our data, we do not have that distinction,
only having F160W to discriminate regarding detection.
It is important to note that we do not expect to see such a strong drop in Lyman-
break galaxies at high redshift compared to Lyman-α emitters as photons longwards of
1216Å are not so effectively scattered by neutral hydrogen. If the drop at z ∼ 8 is of
physical origin, we can infer information about the evolution of star forming galaxies as
well as the intergalactic medium and Reionisation.
3.5.1 Source Identification
In order to identify the galaxy candidates, we use SExtractor [Bertin and Arnouts,
1996], a program geared towards the reduction of large scale galaxy-survey data. It
identifies sources by finding peaks of luminosity in given images, making the distinction
between background and sources. The program receives a list of parameters in order
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to detect said sources. These parameters include thresholds for the minimum size or
signal-to-noise, for example.
Because the images from BoRG are taken with a range of channels and instruments,
some processing needs to be done in order to have a pixel to pixel correspondence and
be able to analyse sources. The reduced images for the BoRG[z8] survey are public, and
they were produced using Multidrizzle [Koekemoer et al., 2003] along with the inverse
variance maps. Multidrizzle is a software aimed at combining dithered observations.
Since the drizzling process introduces correlated noise, RMS maps were created from
the weight maps, and then normalised in order to account for that noise. This is done
for each field and filter by measuring the noise in the image at random positions not
associated with detected sources and comparing the measurement with the value inferred
from the RMS map, which is then be corrected by a factor to match the measurement.
The factors obtained are on average ∼ 1.1 for the IR filters and ∼ 1.4 for the optical/UV
filters.
Given the characteristics of the sources we are aiming to find, we perform what is
called a dual-mode search. This identification search mode consists of using one of the
bands as detection band. This is the band where flux from the source is expected.
Afterwards, the flux for the images taken in the rest of the bands is measured in the
same positions where sources were found. This way, there is information on the flux for
objects that have no flux in some or all the rest of the bands.
The procedure for one field is as follows:
1. Run SExtractor on the science image that was observed with the detection filter.
2. Run SExtractor in dual mode on the rest of the science images. This modality
uses the catalogue produced in Step 1. It measures the photometry on the position
where a source was detected in the detection band image.
3. A catalogue with the information in all bands is compiled.
We use equation 1.12, plus the wavelength at which the Lyman-break occurs, 1216Å,
and the target redshift range, z ∼ 10. This indicates that the wavelength at which this
feature would be observed at λobs ∼ 13376Å, and flux would be expected for greater
wavelengths. Considering the peak wavelength and FWHM of the bands available for
BoRG[z8], F160W (also called H160) is the most suitable. Therefore, this will be our
detection band.
SExtractor is run over the science images and a catalogue with the characteristics
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of the detected sources is produced. The properties included in the catalogue can be
chosen by the user and, in our case, we require information regarding the magnitudes
and fluxes, sizes, coordinates, signal-to-noise, and stellarity.
The information we use to find the dropouts is the magnitude, colours and signal-
to-noise (S/N). We clarify that for the magnitude we use MAG_AUTO, for the colours
(subtraction of one magnitude minus another one) we use MAG_ISO, and for the signal-





Also, we only consider objects that have a signal-to-noise above or equal to 8.0,
S/N ≥ 8.0.
3.5.2 Criteria
The criteria we use is aimed at finding galaxies at redshift z & 9−10 and avoid as many
contaminants as possible. Due to the lack of an intermediate band between F125W and
F160W that could provide a second measurement of the flux to avoid artefacts (as they
are expected to show on only one band), we have to be careful with the object detection
only on the H band. With that purpose, we apply a further criteria, which consists of
excluding all sources with stellarity greater than 0.95, meaning highly circularly-shaped
objects. They can not only be artefacts, they can also be stars with unique colours
similar to the galaxies we are aiming to find.
The specific criteria are summarised below.
1. J125 −H160 > 1.5,
2. S/N160 ≥ 8,
3. S/NV < 1.5,
4. S/N098 < 1.5,
5. CLASS_STAR<0.95.
where J125 is the magnitude in the band F125W ; H160 is the magnitude in the
band F160W ; S/N160, S/N098 are the signal-to-noise in the bands F160W , F098M
respectively; S/NV , is the signal-to-noise in the bands F606W or F600LP , depending
on the availability.
Criterion 1 is the colour cut that ensures there is a strong break between the magni-
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tudes J125 and H160. This is a conservative value when compared to the typical applied
in surveys J125 −H160 > 1.2 [e.g., Bouwens et al., 2015b].
Criterion 2 corresponds to the detection threshold required. This is also a conservative
approach in order to ensure real detections in the F160W band.
Criteria 3 and 4 are imposed to rule out objects that present some flux in optical
bands, where no flux is expected.
The CLASS_STAR parameter measures the probability that a source is a point source
(probability 1) or an extended object (probability 0). Consequently, criterion 5 is aimed
at avoiding stars. Since the available filters are not optimal for this search, we have
adopted the aforementioned criteria, which are conservative when compared to other
searches. Our aim is to minimise the fraction of contaminants.
3.5.3 Results
After applying all the selection criteria from above and performing a final step of visual
examination, we arrive at a sample of 6 galaxy candidates. Further analysis was per-
formed in Bernard, Carrasco et al. [2016], and some candidates were excluded based
on their size and magnitudes, constructing a final catalogue of 3 candidates, which are
shown in Figure 3.3. These candidates are from the fields borg_0240-1875, borg_0456-
2203, and borg_1153+0056. Their properties can be summarised as:
• borg_0240-1875_25 : RA = 40.1195, Dec = 18.9726, m160 = 26.2, S/N160 = 8.1,
CLASS_STAR = 0.7, and J125 − H160 > 2.53. The effective radius of this source
is reff = 0′′.13, the absolute magnitude is MAB = −21.1, which corresponds to
a luminosity of L = 1.20 × 1029erg s−1 Hz−1. The SFR is 13.76 Myr−1. This
object shows no flux in any of the other bands apart from H160. It is smaller than
the PSF of the image, which suggests it could be a point-source and therefore a
contaminant. However, its low stellarity is a good indicator.
• borg_0456-2203_1091 : RA = 73.9774, Dec = 22.0372, m160 = 26.1, S/N160 =
8.1, CLASS_STAR = 0.5, and J125 − H160 > 2.47. Its effective radius is reff =
0′′.24, and its absolute magnitude is MAB = −21.4, equivalent to a luminosity of
L = 1.58× 1029erg s−1 Hz−1. The SFR is 18.14 Myr−1
• borg_1153+0056_514 : RA = 178.1972, Dec = 0.9270, m160 = 26.3, S/N160 =
8.0, CLASS_STAR = 0.0, and J125−H160 > 2.64. It has an effective radius of reff =
0′′.23, and an absolute magnitude of MAB = −21.2, equivalent to a luminosity of
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Figure 3.3: Final galaxy candidates at z ∼ 10 from the BoRG[z8] dataset. The image size is
3′′.2× 3′′.2. The last column to the right shows the redshift probability distribution P (z) vs. z
from BPZ. Credit: Bernard, Carrasco et al. [2016].
L = 1.31× 1029erg s−1 Hz−1. The SFR is 15.09 Myr−1
The results of this search are also summarised in Table 6.1.
The sizes of the objects were calculated from the observed half-light radius measured
by SExtractor . The intrinsic source size is then estimated with this radius and by
taking into account the effects of the PSF broadening and surface brightening limits as
described in Calvi et al. [2016]. These findings favour compact sizes for high-redshift
galaxies, which is in agreement with studies such as Holwerda et al. [2015].
The star formation rate for the candidates was inferred using equation 1.35, with
the conversion factor from UV luminosity to SFR κUV = 1.15 × 1028Myr−1/erg s−1
Hz−1 [Madau and Dickinson, 2014]. The values we obtain, log(SFR) ∼ 1.2Myr−1 are
in good agreement with the findings of high-redshift galaxies [e.g., Smit et al., 2012,
Rowan-Robinson et al., 2016].
The probability distribution for the three candidates is shown in the right panel of
Figure 3.3. This was calculated using BPZ [Benítez, 2000], and by fitting SED templates
described in Oesch et al. [2007]. For BPZ, a flat prior on redshift was assumed, motivated
by the uncertainty in the density of sources at intermediate redshifts with colours similar
to those of z & 9 galaxies. Our candidates are only detected in the H160 band, and
their probability is flat over the range z ∼ 10 − 13. Other candidates were rejected
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when applying this step to them as they showed non-negligible probabilities of being
lower redshift galaxies. The likelihood of the three final candidates being at z & 10 are
strong.
These galaxy candidates will be used to estimate new data on the bright end of the
luminosity function in Chapter 5. It is important to note that the absolute magnitude
was calculated assuming a redshift of z ∼ 10.
This is a remarkable finding as the design of the BoRG[z8] survey was optimised to fin
z ∼ 8. However, we still find a strong pool of candidates that are suitable for follow-up
observations.
3.6 Our search RELICS
We applied a selection technique for finding galaxies at redshift z ∼ 8, z ∼ 9, and
z ∼ 10. The same procedure regarding source identification we used for BoRG[z8] in
Section 3.6 is followed for this survey.
Because the bands available are similar to the ones from BoRG, we use a similar
selection criteria, with colour cuts and signal-to-noise.
3.6.1 Criteria
The criteria used to find the galaxies are described below. They were designed after
Bouwens et al. [2015b] criteria by adapting them to our bands. As our previous selec-
tion for BoRG, we include requirements for solid detection in the bands where flux is
expected, absence of flux for the bands in the blue part of the spectrum (passed the
Lyman-break), and colour cuts. These colour cuts are aimed to measure the intrinsic
colour of the object and the amplitude of the Lyman break in the expected wavelength.
We also apply the stellarity cut as we did the BoRG dataset.
• For z ∼ 8
1. S/N435 < 1.5,
2. S/N606 < 1.5,
3. S/N125 ≥ 6,
4. S/N140 ≥ 6,
5. S/N160 ≥ 4,
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6. m105 −m125 > 0.45,
7. m105 −m125 > 1.5(m125 −m160) + 0.45,
8. m125 −m160 < 0.5,
9. CLASS_STAR < 0.95.
In this redshift range, the Lyman-break is expected at λ ≥ 10944Å. Therefore,
flux is expected in the F125W , F140W , and F160W filters. However, the flux in
the latter can be weaker because of then spectral shape of galaxies, and therefore
we relax this threshold. The colour cuts in 6 and 7 are designed to search for
a break in between the F105W and F125W bands. The colour in 8 is imposed
to discriminate galaxies that show an abrupt break in the spectrum in the bands
F125W and F140W . The detection band in this search is F140W .
• For z ∼ 9
1. S/N435 < 1.5,
2. S/N606 < 1.5,
3. S/N140 ≥ 6,
4. S/N160 ≥ 4,
5. m105 −m140) > 1.5,
6. (m105 −m140) > 5.33(m140 −m160) + 0.7,
7. m140 −m160) < 0.3,
8. CLASS_STAR < 0.95.
In this redshift range, the Lyman-break is expected at λ ≥ 13376 Å. The first
3 criteria are the same as for z ∼ 8 galaxy candidates, while 4 requests for a
smaller threshold because of galaxy spectra. The criteria in 5, and 6 are aimed
at detecting a break F105W and F140W bands. The colour in 7, similar to the
previous case, excludes galaxies that show an abrupt break in the spectrum in the
bands F140W and F160W . The detection band in this search is F140W .
• For z ∼ 10
1. S/N435 < 1.5,
2. S/N606 < 1.5,
3. S/N105 < 1.5,
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4. S/N160 ≥ 6,
5. (m125 −m160) > 1.3,
6. CLASS_STAR < 0.95.
In this redshift range, the Lyman-break is expected at λ ≥ 10944Å. As before,
the first three criteria are in order to select sources that show no flux in the blue
side of the spectrum. Criterion 4 is to ensure a strong detection in the F160W
band, which is the detection band, while criterion 4 is a colour cut that ensures a
considerable break in the spectrum.
3.6.2 Results
After the application of the selection criteria described above, we obtain a catalogue of
12 candidates at z ∼ 10, and 9 candidates at z ∼ 9. However, after visual inspection,
we conclude most of these objects are artefacts, and we find no reliable z ∼ 9 − 10
candidates.
We tried some variations of the criteria for finding candidates at z ∼ 9 and z ∼ 10
because of the lack of candidates. These variations included lowering the threshold
for non-detections (2.0 instead of 1.5), and the colour cuts. However, the amount of
candidates did not improve considerably, and we did not obtain any strong candidates.
For z ∼ 10, we do not use F140W in the first instance, in order to cover a wider redshift
range. Some candidates could show different levels of flux, depending on the redshift,
so we have a visual inspection. Regardless, we again do not find any strong galaxy
candidates.
The reasons as to why there are no galaxies beyond z ∼ 9 are not well understood yet,
but some possibilities are discussed in the next Section. This is similar to the results
of Oesch et al. [2018], where only four reliable candidates were found at this redshift
within an explored area of ∼ 800 arcmin2.
In terms of z ∼ 8, we arrive at a catalogue of 3 candidates after visual inspection.
However, our final catalogue is composed by only 2 of these candidates, as the third
one has a photometric redshift of z ∼ 2 determined by an alternative search (see Sec-
tion 3.6.2). The candidates are:
• RXC142 + 44−par_1852: RA = 25.8006, Dec = 44.5631, m160 = 26.51, m140 =
26.97, m125 = 26.51, m105 = 99.00.
• RXC0232 − 44_401: RA = 30.0917, Dec = −44.3421, m160 = 25.98, m140 =
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26.06, m125 = 26.96, m105 = 27.14.
Because of the lensing nature of the survey, the magnitudes are likely to be affected
by magnification. Therefore, we abstain from calculating properties such as the SFR.
It is important to note that the volume cannot be adequately calculated as the lens
models have to be considered for lensed fields. However, we estimate the corresponding
volume at each redshift range assuming a flat-field area in order to give a constraint.
The volumes are ∼ 4.3×105Mpc3 at z ∼ 8, ∼ 3.9×105Mpc3 at z ∼ 9, ∼ 3.5×105Mpc3
at z ∼ 10.
Alternative Search
An alternative search was performed by Salmon et al. [2017], where they used photo-
metric redshift estimations using the software EAZY [Brammer et al., 2008] and BPZ
[Benítez, 2000, Benítez et al., 2004, Coe et al., 2006] for each cluster field. They focus
on the selection of galaxies at redshift z & 6, finding 8 candidates at z ∼ 8 and no
candidates at higher redshift. This is consistent with our findings, which could suggest
an abrupt decline in the luminosity function density at higher redshift. However, this
can also be attributed to the poorly understood lensing effects in terms of the volume
the images cover in comparison to their blank field counterparts, or the way in which
photometry changes because of lensing-caused phenomena such as intracluster light.
Two of our candidates are included in their sample, which we show in Figure 3.4.
It is important to note that these candidates have a lower signal-to-noise compared
to BoRG candidates as we require S/N > 6 for RELICS. The photometric redshift
estimation for our remainder candidate performed in the alternative search was z ∼ 2,
suggesting it was an interloper. Therefore, we consider our final sample composed by
the two candidates that are found also in the alternative search. The other 5 candidates
were not identified in our sample because they did not pass our colour cut criterion. A
relaxation of this value can be an improvement for our selection criteria. However, we
opt for a more conservative approach.
3.7 Summary
We have introduced the observation of high-redshift galaxies with HST, giving a brief
overview of the WFC3, which is the current camera used for most of these observations.
We also presented a summary of several relevant fields that shaped the recent records
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Figure 3.4: Galaxy candidates at z ∼ 8 from the RELICS dataset that were selected with our
selection criteria and are also part of the catalogue in Salmon et al. [2017].
of galaxy discoveries. Furthermore, we have expanded in the workings and features
of two surveys, BoRG[z8] and RELICS. BoRG is a survey that aims at finding bright
galaxies at high-redshift, z & 7.5. The strategy consists of making parallel observations
of random fields with HST. On the other hand, RELICS observed 41 of the most massive
galaxy clusters. The goal of this survey is to find high-redshift galaxies at z & 9 that
are intrinsically faint but magnified. Data from these surveys was used to find high-
redshift galaxies. We used the dropout selection technique in order to find galaxies
at z & 9 − 10 in BoRG[z8]. Even though the filters used there are optimised to find
galaxies at z ∼ 8, they can also be used for higher redshift. Because of this, we use a
selection criteria which is on the conservative side. After the application of the criteria
and visual inspection, we end up with 6 candidates, which are reduced to 3 after further
inspection in Bernard, Carrasco et al. [2016]. We apply a similar dropout criteria to the
RELICS survey. In this case, we find 3 galaxy candidates at z ∼ 8, and no candidates
for higher redshifts. This is an interesting result as it can imply that the luminosity
function density declines at z & 9, that the estimation of volume for gravitationally
lensed fields is off, or that the photometry is distorted. Regardless, any of these results





Finding galaxies has been a priority in Astrophysics since the construction of modern
telescopes. The launch of the Hubble Space Telescope (HST) and the installation of the
Wide Field Camera 3 [WFC3; Windhorst et al., 2011] in it enabled rapid progress in
this area, and led to highly efficient galaxy surveys. Currently, the observation limit
has been pushed towards almost the actual time of formation of the first galaxies, at
around z ∼ 10, or ∼ 13.4 Gyr lookback time.
In order to understand the internal properties and physical processes that dominate
galaxies, detailed studies of individual systems would be an optimal approach. However,
due to the limitations of the available technology, spatially resolved studies of individ-
ual galaxies are still inaccessible at high redshift, z & 6. Current studies are limited
to finding these objects primarily using broad-band imaging, and thorough examina-
tions cannot be performed on them as individuals yet. Several spectroscopic observation
campaigns have been performed to identify emission lines from high-redshift galaxy can-
didates, and only a few have succeeded ([e.g. Oesch et al., 2016, Zitrin et al., 2014, Coe
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et al., 2013]). Accordingly, the majority of studies focus on building photometric sam-
ples. Still, this approach gives valuable information, as it provides a statistical insight
(that can account and correct for sample contamination), and allows us to estimate the
luminosity function. The luminosity function is crucial in order to understand galaxy
formation and galaxy evolution and its connection to the assembly and growth of dark
matter halos. To measure the luminosity function it is imperative to understand and
quantify the recovery fraction of the galaxies we are observing. However, due to the
resolution limit of telescopes, not all galaxies will be recovered by the implemented se-
lection methods. Thus, the task of quantifying the fraction of galaxies these studies are
unable to find is very important. This is not only relevant for the luminosity function,
but also to understand the selection biases, i.e. the type of populations that are being
preferentially recovered with the selection methods.
This chapter describes the algorithm we created to estimate the completeness in
galaxy surveys, GaLAxy survey Completeness AlgoRithm, GLACiAR , [Carrasco et al.,
2018]. The algorithm is written in Python, and it simulates galaxies following user-
defined features. It then places these mock galaxies into science images and their re-
covery rates can be studied. This open source code can also be used to study the kind
of populations that are being preferentially recovered by a specific selection method,
and it can be used to fine-tune the selection criteria in case of redshift estimation, for
example. Another option that can be exploited is the study and modification of the
best parameter for the source identification software.
The organisation of the chapter is as follows. An overview of the subject is presented,
along with previous work in the area. Afterwards, details of the concepts needed to
create the simulated galaxies, such as the luminosity profile, are outlined. In Section
4.4 we explain how the artificial galaxies are produced, reviewing their spectra, the
positions in which they are placed, convolution, the addition of the sources to the real
data and their identification. Then, the required specifications for the code, including
files and parameters needed for the code to run. It follows a description of the produced
files, including the images, catalogues, segmentation maps, tables, and plots. We finally
touch on redshift selection, which we explain with one example. Section 4.1.1 puts all
the pieces from above together and a detailed description of the software is given here.
Finally, we discuss about the future of the code and how it can be applied to other
surveys and the inclusion of the gravitational lensing effect.
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4.1 Overview
A simple diagram of the outline of GLACiAR is presented in Figure 4.1. The code works as
follows: simulated galaxy stamps are created following a Sérsic luminosity profile. The
set of requirements include the parameters (described in Section 4.5.2), which mainly
define the physical characteristics of the artificial galaxies; the science images of the
survey for which the completeness is going to be calculated; and the parameters file
for running the Source Identification software, which in the case of the first release is
SExtractor [Bertin and Arnouts, 1996]. Depending on the configuration required for
it, the user might need to provide the rms maps or weight images. We expand more on
this in Section 4.5.1.
The motivation for developing GLACiAR stems from the fact that there are several
high-redshift galaxy surveys, and completeness simulations are needed for all of them.
Until now, this has been done independently for each team analysing the data, but
there is no available open-access tool to easily reproduce the results by the community.
Thus, our aim is to have one open code that can be applied to these surveys and unify
this process. This will be very helpful as it will allow for insightful and comprehensive
comparisons between different studies.
4.1.1 Description of the code structure
In order to estimate the completeness of a survey, it is necessary to quantify the frac-
tion of galaxies that are not being detected. To do this, we wrote a python code that
simulates artificial galaxies with the features of galaxies that are being studied. These
simulated objects are added to the images of the survey. Afterwards, a source identifica-
tion software is run over the original science images and the images with the simulated
sources. This way, both catalogues can be compared and the fraction of recovered
artificial galaxies can be measured.
A simulated galaxy is created by following the recovered characteristics given by
the user through a parameters file (see Section 4.5.2). The software first reads the
parameters and creates a galaxy following a luminosity profile described in section 4.3.
The first step is to read the number of times this process is repeated. There are four
main components to this: number of iterations ni, redshift nz and magnitude bins nm,
and number of fields nf . For each redshift bin, there are nm magnitude bins, and for
each magnitude bin there are ni iterations. This whole process is done for all fields.
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Figure 4.1: Overview of main steps in the GLACiAR code.
§4.1 Overview 93
Therefore, the total number of times a new image NT is created corresponds to:
NT = nf × nz × nm × ni. (4.1)
For each image, there is also a number of galaxies placed in it, ng. Going down in
hierarchy can be represented as nf→nz→nm→ni→ng
The code first enters a loop that runs for each field, i.e. nf times. After that, there is
another loop for the redshift bins nz. In that step, the spectrum of a galaxy is created
with the given input redshift. Then, according to the redshift, the effective radius of
the galaxy is assigned, Reff . This scales inversely with the redshift by (1 + z) as it is
explained in Section 4.5.2. Then, all possible required combinations of artificial galaxies
are created. The amount of possible galaxies NG will depend on the number of possible
inclination angles, nθ, the amount of possible eccentricities ne. For each type of galaxy
(i.e. Sérsic index), this number is:
NG = nθ × ne (4.2)
It is important to note that there are some characteristics of a galaxy that will only
scale the flux in each band while maintaining the distribution of the luminosity, i.e.
the ratio among the value of the pixels. We consider this in order to save time when
creating the artificial galaxies and multiply the source pixels by a scale factor. For
example, galaxies with different Sérsic indexes will have different distributions of light
so, in that case, a new set of galaxies for every inclination angle and every eccentricity
is needed. It happens the same with the redshift, eccentricity, and inclination angle.
For the redshift, this is because the luminosity profile depends on the effective radius
Reff , as we can see in equation 4.4.
There is one special case that can be specified in the parameters file, which corre-
sponds to n = 4, or a de Vaucouleur profile ([de Vaucouleurs, 1948]). The motivation for
this special case comes from the fact that the majority of elliptical galaxies are expected
to have this kind of profile. These elliptical galaxies tend to be circular, and it could
be the case that the user wants a distribution of galaxies with different Sérsic indexes,
where one of them is n = 4. The user could want the galaxies with n 6= 4 to have a
range of eccentricities and inclination angles, but still want the de Vaucouleur type of
galaxies to be only circular shaped. In that case, the boolean parameter de_Vaucouleur
is set to ’True’ and the galaxies with n = 4 are only circular.
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After the array with the set of galaxies is generated and saved, the code continues
ahead. For each set of galaxies, there is an assigned input magnitude. This is not
technically its final input magnitude as that will vary with the slope of the spectrum β
described in Section 4.4.1. With the preliminary assigned magnitude m0, the code now
enters a loop for the number of iterations ni. Realistically, each of the galaxies in each
iteration will have a different slope, but this is computationally expensive, so we take
a slightly different approach. For each iteration, we keep β fixed. This yields a similar
distribution of beta for the total amount of galaxies at that redshift and magnitude.
The only difference is that they are being placed in the same image. It is important
to note that each iteration is not significant on its own. We only break the number of
galaxies inserted into iterations and save them in different images to avoid overcrowding
them and distorting the background measurements and therefore photometry. For this
reason, a fixed β in each iteration makes no substantial difference. The code generates








where µ is the mean of the distribution, and σ is the deviation of the distribution. Both
are chosen by the user. Afterwards, all the specifications needed to generate a mock
spectrum are given. With the central wavelength of the detection band, the redshift,
preliminary input magnitude, and β, the spectrum is set.
In Figure 4.2 we see an example spectrum. We also see four HST filters. Depending
on the filter (wavelength, transmission efficiency, width), the amount of light collected
by it will vary. GLACiAR takes that into account, so after producing the spectrum, the
code then enters the loop for the number of bands, and the amount of light expected to
be observed in each filter is calculated. To do so, the response curves are required. As
detailed in 4.5.1, GLACiAR includes some filters, the most used ones for HST, but the
user can add their own following the format. Depending on the given β the expected
magnitude varies. Thus, the preliminary input magnitude will not be necessarily equal
to the magnitude input in the detection band, and it will change slightly with the β.
As this is the actual magnitude we are concerned about, we use the preliminary input
magnitude as a guide, but record and work with the final input magnitude. After the
calculation of the expected magnitude in each filter, we transform that into flux by
using equation 4.11. We know that the total flux only changes the stamp by a scale
factor, and not the distribution of this. Thus we record the factor that makes up for the
difference between the input magnitude of the stamp (which we set to mAB = 24.0),
and the final input magnitude. We then generate three arrays the size of the amount of
inserted galaxies: one with the (x0, y0) position of the galaxies (see section 4.4.2); one
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with random numbers in the range of the amount of available/required eccentricities;
and the same for inclination angles.
For each galaxy now there is an indicator of its position, eccentricity and inclination
angle. These are all individual for each galaxy. There is also a common feature for all
the galaxies in one iteration, which is the factor for which the flux has to be scaled that
is associated with the slope of the spectrum, β.
For each of these bands, the original image taken with that filter is open. Also, a new
empty array with the size equal to the size of the image (in terms of pixels) is created,
while the array corresponding to the image and its respective header are stored as well.
Then, if the expected measured magnitude of a galaxy in a certain band is fainter than
50, mAB ≥ 50, the frame (new empty array) is saved as such, i.e. with all cells values
equal to 0 for the corresponding band. If not, the galaxies are placed in this empty
frame.
Each galaxy will have its own eccentricity and inclination angle. The module first
takes the random numbers corresponding to the eccentricity and inclinations. Each set
of created galaxies has a galaxy for each possible combination of these two features and
the Sérsic index. Knowing these three parameters for each galaxy, the corresponding
stamp is assigned according to the input eccentricity slice, inclination angle slice and n.
As mentioned before, for n = 4 there is the possibility of no eccentricity or inclination
angle required, in which case the other two features are not taken considered, and the
standard galaxy produced for the corresponding Reff is assigned. These galaxies are
taken from the stamp set, scaled according to the flux difference, convolved with the
corresponding PSF, and then placed in (x0, y0) in the new empty frame. What the
module returns is the new frame with the corresponding galaxies. This new frame is
added to the respective image in that band, and there we have our new image, i.e. an
image with the observed data plus new galaxies. After this, the created frame with the
new simulated galaxies is added to the image that was saved and stored before and it
is saved with the same header. As pointed out in 4.6.1, this new image is only saved
temporarily as it consumes a large amount of space.
Now, the new image information is ready to be extracted. In order to do so, SExtractor
runs on the original image first, creates a catalogue as explained in Section 4.6.2, and
then runs over all the new images. In fact, the process of the identification of the sources
is embedded in the loop of the number of bands. Thus, for each band, the catalogue
and respective segmentation maps are generated, according to the parameters set by
the user for the sources to be identified with SExtractor. After this is done for all
bands in one iteration, the code identifies the status of each of the sources placed in
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that iteration. This information is recorded in the tables described in Section 4.6.4. A
file ready to save the information of all the inserted sources is open for each redshift
bin. For each iteration, all the inserted galaxies are saved with their input and output
features along with their detection and blending status. In the same way, another file
with the information recovered from the simulated galaxies is saved. The information
is obtained by finding the ID number corresponding to that source, which is obtained
from the segmentation maps by looking over a grid of dimension 7 × 7 pixels with the
centre in the pixel where the galaxy was initially intended to be placed. By looking at
this area, the code decides whether an object is indeed detected or not, and if detected,
its blending status can be found as well. Now, the next section is only done depending
on whether the user wants to add a dropout technique selection. If so, the colours and
signal-to-noise S/N of the object are examined, and if they pass a selection criteria they
are flagged as dropout. This status also goes in the text file mentioned before.
After repeating this process for each redshift bin and the embedded magnitude bins,
there is another text file that has been opened, which will store the statistics. In this
case, there is a line for each magnitude bin. All the iterations are considered within
each of these lines. To do so, we count the number of total inserted galaxies with the
corresponding features, i.e. ni×ng. After that, we count the number of galaxies for each
detection status over all the performed iterations, and calculate the number of them
considered recovered. That includes mock galaxies detected and isolated, blended with
fainter objects, and blended with brighter objects that are overlapped by 25% or less.
The next column includes all the galaxies that were classified as dropouts in the redshift
range expected (if requested), and then the fraction of recovered galaxies, the fraction
of dropouts, and the fraction of dropouts over recovered.
There is an extra step, which includes plotting. A final product of GLACiAR is a plot
for each field that contains the input magnitude as x-axis and the redshift as the y-axis.
There is also a plot produced in case the dropouts option was chosen as True. Again,
this module plot can be modified to satisfy the user requirements.
4.2 Completeness
We define the completeness as the fraction of successfully identified sources over the
total number of sources.
In our case, we slice this in magnitude and redshift bins. Therefore, the recovery
fraction is estimated for each redshift and each magnitude, being a function of them.
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4.2.1 Previous Work
When constructing the luminosity function with observational data, the completeness
and source recovery efficiency need to be estimated. As stated before, the lack of
unification for this procedure is a problem as it is done in a different manner for every
survey. Furthermore, the way this is done in some cases is not comprehensive and
cannot be revised, potentially making it challenging to reproduce results independently.
Two main approaches have been implemented for completeness simulations in the
past. Both of them involve inserting mock galaxies into the observed images and study-
ing the recovered fraction. The main difference of these methods originate in the type
of simulated galaxy. The first technique uses images of galaxies acquired in observations
with similar characteristics but for example at a lower redshift, that are modified or re-
scaled to fit the desired properties of the sample to simulate. Examples of this method
include Bershady et al. [1998], Imai et al. [2007], and Cristóbal-Hornillos et al. [2009].
The second approach consists of the creation of artificial light profiles from theoretical
models of the expected surface brightness profiles. Examples of luminosity function
studies utilising this approach are Bowler et al. [2015], Oesch et al. [2014], and Jiang
et al. [2011], among others.
For GLACiAR, we use the second approach due to its flexibility in terms of the features
required for the simulated galaxy. Since we do not have a full understanding of the
population of galaxies at high-redshift yet, it is possible that the dominant population
has certain characteristics that are not commonly observed at lower redshifts. If the
first method is used, images of these galaxies are needed and it’s possible they may not
be available, or the sample may not be complete enough. Also, there is the possibility
that we want to explore different populations, and in that case, being able to tweak
the parameters is a very important feature. Both methods are appropriate if used only
for one case as they can be tailored for that. But, if an approach that can be modified
according to the needs of different surveys with different features is required, the second
approach is by far more appropriate.
We describe the luminosity profile of our artificial galaxies in the following section.
4.3 Sérsic profile
Galaxies have a luminosity distribution, which describes the light emitted by the galaxy
as a function of its radius. This distribution is not uniform, and in fact, it can be
described by an empirical model. This model was first proposed in [Sérsic, 1968], and it
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is called the Sérsic luminosity profile. The definition of the light intensity as a function
of the radius can be described by the formula











with Ie being the intensity at the radius that encloses half of the total light, Reff ; n
is the Sérsic index, which describes the shape of the profile, i.e. the concentration factor
of the light; and bn is a constant defined in terms of this index, which follows from our
choice to normalise the profile with Ie.
To obtain the luminosity of a galaxy within a certain radius, we follow the approach
























To calculate bn we follow Ciotti [1991], and taking the total luminosity we obtain:
Γ(2n) = 2γ(2n, bn) (4.9)
where Γ is the complete gamma function, defined as:
Γ(2n) = (2n− 1)! (4.10)
From 4.3, the value of bn can be obtained.
There are two particular cases of this profile that are relevant, as they can correlate
with the morphology of the galaxies. These two cases are described below:
n = 1, this is an exponential profile, and it is been shown to describe dwarf ellipticals
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and galaxy disks.
n = 4, this corresponds to a de Vaucouleurs profile [de Vaucouleurs, 1948], and it
characterises mainly bright elliptical galaxies.
4.4 Generation of artificial galaxy stamps
The generation of the artificial galaxies is broken down into modules. First, a modelled
galaxy stamp is created. The description of the stamp is below.
We consider a grid of equal size as the stamp. The cells in this grid correspond
to pixels. Therefore, the value in each of the cells is the flux of the galaxy in the
corresponding pixel. In Section 4.3, we have explained the brightness profile that will
be used. As seen in equations 4.4 and 4.6, the variables on which the luminosity depends
are Ie, the effective radius Reff and the Sérsic index, n. The last two parameters, Reff
and n, are chosen by the user, whereas the first one is calculated from equation 4.3
since the value of L(< R) is known. The total flux of the artificial galaxy is inputted by








where Fx is the flux in the band x, mx the magnitude in the same band, and mx,0 is
the zeropoint magnitude in that band as well.
For a simulated galaxy, the flux for each pixel is calculated following equation 4.6.
To do so, the radius R we consider is the size of the galaxy. The concentration of the
luminosity in the centre will be dictated by the value of n. Since the integral (equation
4.6) is considered for an infinite size, there will be some lost flux when we integrate
this value over a determined radius. However, since the distribution of the light in a
realistic galaxy is accumulated in the centre of the galaxy, the total flux that is lost
is negligible. The radius Reff scales with the redshift, which is explained in more
detail below. This means that for a different redshift bin, there will be a different light
distribution, same with a different n. As we can see in 4.4, and 4.6, we integrate the flux
for each pixel, where R is the distance from the pixel to the centre of the galaxy. This
is computationally expensive, thus we re-use the generated sources as much as possible,
i.e. produce stamps of them that can be scaled for some with different characteristics,
for example, a galaxy with the same n, Reff , inclination angle, eccentricity, but different
flux.
The diameter of the stamp dS is determined by the user-defined values of Reff and
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sizepix, and it is calculated as
dS = Reff × size_pix× 325. (4.12)
This is an arbitrary measurement, where 325 is the scale factor needed for a galaxy
stamp with default BoRG galaxy to have a diameter of 28 pixels. This was chosen after
trying different sizes and comparing to sizes of real galaxies. The dependency on the
effective radius implies that for low redshift galaxies the stamp size will be larger. This
is because an important fraction of the flux can be loss for extended galaxy if the its
size is not taken into account.
4.4.1 Spectrum
In order to estimate the flux expected to be measured in each filter, a mock spectrum
of a galaxy is created. The required parameters for the creation of the spectrum are:
redshift; magnitude; lambda detection, which is the central wavelength in angstroms of
the detection bands; and β, which defines the slope of the spectrum.
The module that constructs the spectrum is creation_of_galaxy.write_spectrum.
An array corresponding to the wavelength, in Angstroms, is created, with a range of
λ = 0 − 30000 in steps of 1 Å. The flux F of the spectrum is defined as a function of
the wavelength λ as
F (λ) =
{
0 λ ≤ 0
aλβ 1216 ≤ λ
. (4.13)
This spectrum corresponds to the one of Lyman break galaxies (see Chapter 3), which
is based in the existence of a break at a rest wavelength of λ = 1216Å produced by
the absorption of photons by neutral hydrogen in the Universe. This spectrum is then
normalised in order to match the required flux. In fact, the flux assigned to it is
arbitrary, being a preliminary input magnitude, which will later change with the β.
This will only change the cells values by a scaling factor, therefore it is not relevant
while creating the source as it means that the shape of the spectrum will not change,
only its height in the y-axis. The spectrum is temporarily saved in a .fits file ’spec.fits’.
An example of a spectrum produced by GLACiAR can be seen in Figure 4.2 along with
the galaxy corresponding to that spectrum inserted into the science images of the BoRG
survey BoRG-0835+2456 for the four filters of the survey: F606W, F098M, F125W, and
F160W. The characteristics of the galaxy consist of a Sérsic index n = 4, an apparent
magnitude of mAB = 24.0, inclination angle i = 0◦, and eccentricity e = 0◦.
The relevance of this spectrum is because the estimated flux of the galaxy in each
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Figure 4.2: Top: Spectrum of a simulated galaxy at z = 10 and with β = −2.0 produced by
GLACiAR in arbitrary units of flux as a function of wavelength, with four HST filter transmis-
sion curves superimposed (F098M, F125W, F160W, and F606W). Bottom: Source from above
inserted into the F606W, F098M, F125W, and F160W science images (from left to right) from
field BoRG-0835+2456 assuming a n = 4 surface brightness profile and mAB = 24.0 with no
inclination and circular shape. The stamps have a size of 3.6”×3.6”.
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band will be measured from here. To do this, the code uses the module pysysp from
pyPI, which calculates the amount of flux received for each filter. This module contains
some bands already, and we include some more in the folder Filters. What there is in
the files is the response of the filter as a function of the wavelength. This, together with
the saved simulated spectrum gives an estimated measured magnitude.
4.4.2 Position
The position of the galaxy corresponds to the pixel in which the centre of the galaxy
is placed. This is, in mathematical terms, a pair of points (x, y) that follows a random
distribution of the same size as the image.
The only limitation for the placement of the galaxy is the avoidance of the edges in
the image. Frequently, the science images are tilted with respect to a square in the
fits file. As a result, the edges contain sections of the image that have no information
as it is an area that has not been observed. There are also cases in which the images
are taken with different cameras but have the same size, with the smaller of these
images having pixels with zero flux. Placing sources there will introduce uncertainties
as it, for instance, could modify the measured values for the background. In order to
avoid this, the value of pixels from the science image are checked. When a pair of
pixel coordinates is randomly generated, the value of the pixel in the observed image
data[x0, y0] is checked, and if the value is 0, it is discarded as that is the value on the
edges of the image, therefore a new pair is generated. It is important to note that not
all pixels where data[x0, y0] = 0 are part of the edges, there are some of these within
the observed data. However, since they are in random positions, this condition does not
introduce any bias. It can be argued that this will alter the results as it could produce
that the bad pixels are avoided. However, this is not a problem because the simulated
sources can still occupy some of those pixels since the condition is only imposed for the
central one. Therefore, other parts of the created source can be on one or more of those
pixels. In fact, this was tested by avoiding the edges by imposing geometric conditions
and using the data[x0, y0] 6= 0 and the results do not vary any more than a normal
deviation from the finite amount of iterations.
When the amount of ng of pairs of coordinates is reached, the random number gen-
erator stops. The format in which the positions are generated is an array of the size of
[2, ng], where 2 is the coordinates x and y, and ng is the length or number of positions,
having 2× ng elements.
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4.4.3 Convolution
The point spread function (PSF) describes the imaging system response to a point
input.
Reproducing the way in which the galaxies will be observed requires that the mock
galaxy is convolved with a point spread function (PSF). This PSF is unique for each
filter as it takes the instrumental response into account.
In order to do the convolution, we first need the image with the PSF, which we get
with the Tiny Tim HST PSF Modelling code1 for the surveys done with HST. The
software includes a folder ‘psf ’ that contains some of the more used bands for HST.
If the user is working with filters not listed in the code, the corresponding files can be
added to that folder.
The convolution is done with the Python module convolution.convolve, from Astropy,
which is a direct convolution algorithm.
After the convolution the galaxies are added to the images in the positions (x,y)
described in 4.4.2.
4.4.4 Addition of the galaxy stamp
Adding the simulated galaxies to the science image is the next step after having gen-
erated the stamps and storing their central positions in the science image. In order to
place the galaxies, the science image is opened and its data and header are stored. A
new empty array with the same dimensions as the data is created. The galaxy stamp
that matches the requirements for the simulation (i.e. eccentricity, inclination angle,
redshift, among others) is added to the new empty array in the position that was gen-
erated by the code. The stamp has to actually be multiplied by a scaling factor, which
correspond to the difference between the standard flux with which the stamps were
generated, and the input flux that is defined by the slope of the spectrum β. The frame
is then added to the science image and the new image with the simulated galaxies is
temporarily saved.
The bottom row of Figure 4.2 shows a galaxy stamp inserted into the science images
of the BoRG survey BoRG-0835+2456.
1http://www.stsci.edu/hst/observatory/focus/TinyTim
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4.4.5 Identification of the sources
In order to identify the sources, we use the software SExtractor [Bertin and Arnouts,
1996]. This software finds the peaks of luminosity in the image and demarcates between
background and sources with its properties such as size. This is run over the observed
science images, which are the processed and reduced images taken by HST, and it
creates a catalogue with the real sources. It then does the same for the new images,
which are the original science images with the addition of artificial galaxies created by
GLACiAR in the process that was explained above. A comparison is needed in order
to distinguish the new found sources from the old ones. As expected, the addition
of sources can change the value of the background and produce small differences in
the measured characteristics of a source, hence comparing the two catalogues is not a
trivial process. The optimal procedure would be to superpose both catalogues and flag
the sources that are found inside a certain limit, but that is not effective in terms of
computational resources. Instead, we use the segmentation maps.
The segmentation maps are images of the same size as the observed images with
information of the identified sources and the background. All the pixels with values
of zero are what SExtractor considered background, while the rest of the pixels are
assigned an integer value, which corresponds to the ID of the detected source. Com-
paring these maps allows the identification of newly detected sources. We will call the
segmentation maps of the real sources original image segmentation maps, and the ones
of the images with the simulated galaxies included new simulated segmentation maps.
However, to compare them is not straightforward. Ideally, a source that is repeated in
both segmentation maps would have the same ID number identification, but that is not
the case. Furthermore, if there is blending of two or more sources, it is possible that
the original source changed shape, size, luminosity, or other features. Instead of trying
to identify the original sources, the approach is to identify the simulated new ones. In
order to do that, the list of the position that was assigned to the galaxy is used to check
whether a source was identified in that position in the new images. This approach raises
two issues.
First, the artificial galaxy could have been placed on top of an older source as there
is no limitation to avoid old sources. This issue is related to blending and it is discussed
in Section 4.4.5. The second issue is that the artificial galaxy can be off by a certain
distance from the recorded input position. Since measuring distances is computationally
expensive and inefficient we implement a search grid approach.
In detail, the software goes to the position in which the galaxy was initially placed
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(x0, y0) and searches for the value of this position in the new segmentation maps over a
grid of 7×7 pixels, i.e. the search encompasses all pixels [x0−3 : x0 + 3, y0−3 : y0 + 3].
If the value of all those pixels in the new segmentation map is equal to 0, the source is
classified as ’Not detected’, which in the catalogue corresponds to a flag of 3. If not, a
second check to ascertain the status of the source is carried out. As mentioned before,
there is the possibility of the artificial source being blended (see Section 4.4.5). To first
distinguish whether an object is blended or detected in isolation (i.e. with no blending
and labelled as 0), the code searches for values different than 0 in the new segmentation
map over the same 7× 7 grid, NSM[x0− 3 : x0 + 3, y0− 3 : y0 + 3] and it records them. If
more than one value is different from 0, the value closest to the central pixel in which
the galaxy was placed (x0, y0) is recorded. Now, after obtaining this new ID number,
GLACiAR finds all the pixels that have that value, demarcating the source. It then flags
all those pixels, (xNG, yNG), and goes to the original segmentation map where it checks
the values of those pixels, OSM[xNG0 : xNGn , yNG0 : yNGn ]. If all the values are 0 (the
sum of all the values is 0), the object is labelled as detected and isolated, (label = 0)
since there was no object previously there. If that is not the case, the object is classified
as blended.
It is important to note that the search grid can be easily changed by the user.
Blending
Blending is a considerable issue in the detection of sources as classifying an object
is a complex task. Summarising what was explained above, the code enters to check
blending if the value of any of the pixels in which the new source is identified is different
from zero. If that is the case, it checks the magnitude of the old source and the degree
of blending, that means, the percentage of physical overlapping. This process is divided
into three steps:
1. Identifying the old source by checking its ID number.
2. Comparing the magnitudes: the code opens and reads the catalogues of the orig-
inal science images and identifies the object that has the ID number obtained in
step 1. The magnitude (MAG_AUTO) is recorded and compared to the input mag-
nitude of the new artificial source with which is blended. If the original source
is fainter, the object is considered detected and it is labelled as blended with a
fainter object (label= 1).
3. Checking blending with brighter object: This stage is only entered by the objects
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that are blended with a previously known brighter object. However, since the
concept of blending is not straightforward, the fact that two sources are next to
each other does not mean they are physically blended or that the photometry will
change.
After some tests, we came up with something that takes into account the per-
centage of physical overlap and also the change in the initial brightness. The
code finds all the pixels with the number of the old source that was previously in
the location of the new source and counts them. Then, it compares them to the
amount of pixels covered by the new source. If the difference is over 25%, or in
other words, if the amount of overlaps of the two sources is over 25%, the objects
are considered as not identified. In the same vein, if the input magnitude and
the detected magnitude differ by over 25%, the object is discarded and considered
as not identified. If only one of these conditions is not reached, the object is
considered as not blended as well.
We allow the blending with fainter previous objects and consider them detected any-
way as the impact this is going to produce in the photometry is not considerable and
it will not affect the colours of the source. We expand more on this later.
A comprehensive diagram of the code is shown in Figure 4.3 where blending is ex-
plained in more detail.
4.5 Requirements
The code has been programmed for Python version 2.6 and 2.7. It uses the packages
Numpy [Oliphant, 2006], Astropy [Price-Whelan et al., 2018], SciPy [Jones et al., 2001],
pysysp2, matplotlib [Hunter, 2007], pickle , yaml 3
GLACiAR also requires as a list of files and a set of parameters to fill out. These are
described in Sections 4.5.1 and 4.5.2, respectively.
4.5.1 Files
Described below are the files needed to run GLACiAR .
- Science images: All the .fits files with the observed images of the survey including




Figure 4.3: Detailed diagram of the steps followed by GLACiAR
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Figure 4.4: Illustration of GLACiAR’s application to BoRG field borg_0835+2456. Top left:
Original science image.Top right: Science image plus simulated galaxies with an input magni-
tude of mH = 26.0 indicated by coloured circles. Bottom left: SExtractor Segmentation map
for the original science image. Bottom right: Segmentation map after running SExtractor on
the image that includes simulated galaxies. The colour of the circles encodes detection of the
simulated sources with green indicating recovery for an isolated galaxy, blue recovery but source
blended with a fainter object. Detection failures are shown in red.
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several fields and several filters, although one of each is enough if that is needed.
- List: Text file with the names of the fields from the survey. This list is given as
an input parameter (see Section 4.5.2). This list has a minimum length of 1, i.e.
the name of one field.
- SExtractor parameters: As explained in section 4.4.5, one of the steps of the
code involves running SExtractor on the images (original and with simulated
galaxies). To run the software, a file defining the parameters is required. There is
an example provided under the folder ‘SExtractor_files’, which will be used if no
other file is provided, but it is recommended for the user to change it according
to their observations.
- RMS maps or weight maps: These are frames having the same size as the science








Although they are necessary only if required for the SExtractor parameters, it
is strongly recommended that one of these is used, as it will improve the source
detection.
- PSF: As mentioned in Section 4.4.3, this corresponds to the image of the PSF
that we are going to use to convolve with our simulated galaxy. It depends on the
instrument, telescope, and filter. Some PSFs are included with GLACiAR , but the
user should add their own if needed.
4.5.2 Parameters
There is a set of parameters that define the features of the simulations. Some of these
parameters are required, while other can be left blank and assigned a default value.
- n_galaxies: Number of galaxies. In every image, the simulation will place a deter-
mined number of galaxies per iteration. After that, the image will be saved and
the source identification software will be run on it. In summary, this parameter
is the amount of galaxies per image. (default = 100)
- n_iterations: Number of iterations. For each redshift and magnitude, n_galaxies
will be placed in an image. The number of times this is done corresponds to this
parameter. (default = 100)
- mag_bins: Number of bins for the input apparent magnitude. The completeness
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is studied over a magnitude range divided by a certain number of bins, which are
defined by this parameter. For example, for a simulation run from m1 = 24.0 to
m2 = 25.0 in steps of 0.2, there will be 6 bins. (default = 20)
- min_mag: Brightest magnitude for the artificial galaxies. This is the brightest
magnitude that the sources of the simulation will have. (default = 24.1)
- max_mag: Faintest magnitude for the artificial galaxies. This is the faintest
magnitude that the sources of the simulation will have. (default = 27.9)
- z_bins: Number of bins for the input redshift. The completeness is studied for a
range of redshifts, which are divided by a number of bins. These bins are defined
by this parameter. For example, for a simulation run from z1 = 9.5 to z2 = 10.5
in steps of 0.2, there will be 6 bins. (default = 15)
- min_z: Minimum redshift of the simulated galaxies for the required redshift range.
(default = 9.0)
- max_z: Maximum redshift of the simulated galaxies for the required redshift
range. (default = 11.9)
- n_bands: Number of filters the survey images have been observed through. If not
specified, it will raise an error.
- detection_band: Band in which the detection of the objects is performed. This is
the band in which SExtractor is run on first. After detecting the sources in this
band, the photometry is performed on the rest of the bands in the area where the
sources were identified. The images taken in this band will be where the simulated
galaxies are first put in. If not specified, it will raise an error.
- lambda_detection: Central wavelength in angstroms of detection_band (above).
If not specified, it will raise an error.
- bands: Name of the bands from n_bands. The detection band has to be the first
band listed here. If not specified, it will raise an error.
- zeropoints: Zeropoint value corresponding to each band. The values must follow
the same order as bands. The default value is 25 for each band, but the user
should provide their own.
- gain_values: Gain values for each band. The values must follow the same order
as bands. If not specified, it will raise an error.
- list_of_fields: Text file containing the name of the fields where the simulation is
going to be run. Even if there is only one field, it has to be listed in this format.
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If not specified, it will raise an error.
- R_eff: Effective radius in kpc for a simulated galaxy at z = 6. It is the half light
radius, i.e. the radius within half of the light emitted is enclosed. This value
changes with the redshift as (1 + z)−1. (default = 1.075 kpc)
- beta_mean: Mean value for a Gaussian distribution of the slope of the spectrum
as explained in Section 4.4.1. (default = −2.2).
- beta_sd: Standard deviation for a Gaussian distribution of the slope of the spec-
trum as explained in Section 4.4.1. (default = 0.4).
- size_pix: Pixel scale for the images (default = 0.08).
- path_to_images: Directory where the images are located. The code will create a
folder inside it with the results. If not specified, it will raise an error.
- image_name: Name of the images. They all should have the same name with the
band written at the end, as follows: ‘image_name+field+band.fits’. The images
have to be coaligned on the same pixel scale before running the code. If not
specified, it will raise an error.
- types_galaxies: Number indicating the amount of Sérsic indexes. (default = 2).
- sersic_indexes: Value of the Sérsic index parameter n for the number of types_galaxies
(default = [1, 4]).
- fraction_type_galaxies: Fraction of galaxies corresponding the the Sérsic indexes
given (default = [0.5, 0.5]).
- ibins: Number of bins for the inclination angle. The inclinations can vary from 0◦
to 90◦, i.e., if 10 bins are chosen, the variations will be of 9◦. One bin indicates
no variation of inclination angle. (default = 1).
- ebins: Number of bins for the eccentricity. The values can vary 0 to 1, i.e., if
10 bins are chosen, the variations will be of 0.1. One bin indicates only circular
shapes (default = 1).
- min_sn: Minimum S/N ratio in the detection band for an object to be considered
detected by SExtractor. (default = 8.0)
- dropouts: Boolean that indicates whether the user wants to run a dropout selection
(default = False).
- de_Vacouleur: Boolean that indicates whether the user wants to make an exemp-
tion for de Vaucouleur galaxies. If true, galaxies with n = 4 will only have circular
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min_mag Float magnitude 24.1
max_mag Float magnitude 27.9
z_bins Integer 20
min_z Float redshift 9.0
max_z Float redshift 12.0
n_bands Integer Required
lambda_detection Float Angstrom Required
detection_band String Required
bands String List Required
zeropoints Float List magnitude Required
gain_values Float List e−/count Required
list_of_fields String Required
R_eff Float kiloparsec 1.075
beta_mean Float -2.2
beta_sd Float 0.4




sersic_indices Int List 2, 4






Table 4.1: Summary of the parameters needed to run GLACiAR . It includes the units and the
default value.
shape (default = False).
Figure 4.5 shows an example of four galaxies produced by GLACiAR before and after
being added to the science image. They have features which were all produced given
the parameters requested by the user.
4.6 Output
The code produces a set of files, images and tables. Some of them are deleted for space
storage reasons, while others are kept as a final result. We outline them in the following
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n = 4, m = 23.8
n = 4, m = 25.8
n = 1, m = 23.8, e = 0.5, i = 0º
n = 1, m = 25.8, e = 0.5, i = 0º
Figure 4.5: Example of different types of galaxies produced by GLACiAR. The left panels
show a zoom of the galaxies placed on a constant background (box size 35 × 35 pixels), while
the middle and right panels show them inserted in a typical science image (F160W for the field
BoRG-0835+2456) with box sizes (2.8′′×2.8′′ and 5.0′′×2.8′′ respectively). From top to bottom
we see an artificial galaxy with a Sérsic index of 4, and total input magnitude mAB = 23.8;
an artificial galaxy with Sérsic index of 4, and magnitude mAB = 25.8; an artificial galaxy
with Sérsic index of 1, magnitude mAB = 23.8, eccentricity of 0.5, and inclination angle of 0.5
degrees; and an artificial galaxy with Sérsic index of 1, magnitude mAB = 25.8, eccentricity
of 0.5, and inclination angle of 0 degrees. The first two ones have a circular shape, while the
latter two are elliptical.
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subsections in order of appearance.
4.6.1 New Images
The new images are the created images that contain the original observed data from the
survey with the simulated galaxies added. Each iteration in the simulation produces
one image per band. These are saved and then deleted immediately after SExtractor
runs on them.
4.6.2 SExtractor Catalogues
As explained in Section 4.4.5, the sources are identified with SExtractor . This process
generates two sets of files. One of them is the catalogues, which are described in this
section, and the other one corresponds to segmentation maps, described in Section 4.6.3.
The catalogues generated by SExtractor include a list with all the sources identified
in the images and their parameters. Due to the structure of the code, the first file
created for a field of the survey contains the information of the real sources as it is
run on the original science image. Besides this, for each iteration of the simulation a
catalogue with the information of the sources is created. The header of the catalogue
is shown below:
4.6.3 Segmentation maps
A segmentation map is a map with the definition of the location of a source and its
extension found by a source identification software. In this case, they are produced
by SExtractor. For GLACiAR, they can be classified in two groups: the segmentation
maps from the original science images of the survey, and the ones from the images that
include the simulated galaxies.
• Together with the old catalogues of the sources a segmentation map is created.
This corresponds to a .fits file of the same size as the original image. This map
makes the distinction between background and sources by labelling the pixels
considered part of the background with a value of 0 and the pixels that belong to
a source with a value of an integer. This integer is the ID number of the source in
the catalogue (see Section 4.6.4), thus all the pixels forming one source have the
same value. This value has no other meaning than the ID number which is the
way in which a the found properties of a source can be correlated to their physical
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1 NUMBER Running object number
2 FLUX_ISO Isophotal flux [count]
3 FLUXERR_ISO RMS error for isophotal flux [count]
4 MAG_ISO Isophotal magnitude [mag]
5 MAGERR_ISO RMS error for isophotal magnitude [mag]
6 FLUX_APER Flux vector within fixed circular aperture(s) [count]
11 FLUXERR_APER RMS error vector for aperture flux(es) [count]
16 MAG_APER Fixed aperture magnitude vector [mag]
21 MAGERR_APER RMS error vector for fixed aperture mag. [mag]
26 FLUX_AUTO Flux within a Kron-like elliptical aperture [count]
27 FLUXERR_AUTO RMS error for AUTO flux [count]
28 MAG_AUTO Kron-like elliptical aperture magnitude [mag]
29 MAGERR_AUTO RMS error for AUTO magnitude [mag]
30 KRON_RADIUS Kron apertures in units of A or B
31 BACKGROUND Background at centroid position [count]
32 X_IMAGE Object position along x [pixel]
33 Y_IMAGE Object position along y [pixel]
34 ALPHA_J2000 Right ascension of barycenter (J2000) [deg]
35 DELTA_J2000 Declination of barycenter (J2000) [deg]
36 A_IMAGE Profile RMS along major axis [pixel]
37 B_IMAGE Profile RMS along minor axis [pixel]
38 THETA_IMAGE Position angle (CCW/x) [deg]
39 FWHM_IMAGE FWHM assuming a gaussian core [pixel]
40 FWHM_WORLD FWHM assuming a gaussian core [deg]
41 FLAGS Extraction flags
42 CLASS_STAR S/G classifier output
43 FLUX_RADIUS Fraction-of-light radii [pixel]
Table 4.2: Header of the SExtractor catalogues produced by GLACiAR . The first column
corresponds to the number of the column, the second is the name of the parameters, the third
is a definition, and the fourth corresponds to the units (if applicable).
position. This file is kept.
• The images with the simulated galaxies will produce new segmentation maps with
the same characteristics. The only difference with the catalogue described above
is that it includes the new detected sources. It is important to note that original
sources are not necessarily the same in the new catalogue in terms of magnitude,
size, shape, or other properties. Accordingly, the ID numbers are not connected
with the previous ID numbers.
This file is discarded in order to save space.
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4.6.4 GLACiAR catalogues
The main results produced by GLACiAR can be summarised in three tables. These
contain the information of the inserted galaxies, including their input properties and
their output status and properties as well. They are described below.
1. This is a table that contains information on the statistics of the result. The
purpose of this table is to show the statistics in terms of the recovered sources
and the high-redshift candidates if specified. It basically counts the amount of
sources inserted per redshift bin and magnitude bin. From the inserted sources, it
keeps track of the amount of that qualifies for each detection status (i.e. blending
and detection status), and it calculates the amount of total recoveries over all
the inserted simulated sources, C(m). Also, if specified, it counts the number of
dropouts for each bin, and calculates the fraction of these over the total amount of
inserted galaxies, S(z,m), and over the recovered dropouts in the desired redshift
range over the number of recovered simulated galaxies C(m)S(z,m). Table 4.3
shows an example of its structure with a brief description of the columns.
za mb N_Objc S(0)d S(2,1)e S(-1)f S(-2)g S(-3)h N_Reci N_Dropj Reck Dropl
9.0 24.1 300 218 50 26 4 2 268 0 0.89 0.0
9.0 24.3 1000 751 169 62 13 5 920 0 0.92 0.0
























11.8 27.9 600 0 0 72 34 494 0 0 0.0 0.0
Table 4.3: Example of the file produced by the simulation with the statistics for each redshift and
magnitude. This is a simulation run for a magnitude range of m = 24.0 − 28.0 and a redshift range of
z = 9.0− 11.8.
a Input redshift of the simulated galaxy.
b Median value of the magnitude bin.
c Number of objects inserted for the corresponding redshift and magnitude bin in all the iterations.
d Number of artificial sources recovered by SExtractor that were isolated.
e Number of artificial sources recovered that were blended with a fainter object.
f Number of artificial sources recovered that were blended with a brighter object.
g Number of artificial sources that were detected by SExtractor with a S/N under the required threshold.
h Number of artificial sources that were not detected by SExtractor.
i Number of recovered artificial sources: (d+ e).
j Number of artificial sources that passed the dropout selection criteria
k Fraction of not recovered artificial sources : i/c.
l Fraction of artificial sources that passed the selection criteria: j/c.
2. Complementary to the previous table, the algorithm produces another table with
the each one of the inserted sources, their positions, the input magnitude, the
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Initial Maga iterationb ID Numberc Input Magnituded Output Magnitudee Id Statusf
24.1 1 319 25.922 26.255 0







27.9 10 39 26.952 23.627 -1
27.9 10 0 26.952 -99.000 -3
Table 4.4: Example of the file produced by the simulation with information of all the simulated
galaxies.
a Magnitude corresponding to the input flux for the star. This is not the same as d since the input
magnitude changes depending on the β value and size of the object.
b Iteration number.
c Identification number given by SExtractor after it runs on the image with the simulated galaxies. This
number is unique for every iteration for a given magnitude and redshift.
b Magnitude corresponding to the added flux inside all the pixels that the source includes.
e Magnitude of the source found with SExtractor after it runs on the image with the simulated galaxies.
f Integer number that indicates whether a source has been recovered and/or is blended.
blending status, and the detection status. Several tables (one for each redshift
step) are produced with all the galaxies that were placed in the simulations at
that redshift. It provides an insight to understand the characteristics or reasons to
detect or miss an object. It also yields their detected magnitude in the detection
band, and their size. In summary, it gives us information about how this source
is detected instead of the input information about it. The structure is shown in
Table 4.4.
3. One last table, which is useful for redshift selection, is produced. Given that the
number of bands is variable this table is released in a Python-specific compact bi-
nary representation (using the pickle module). It contains the ID of the object,
input magnitude, status, magnitudes in all bands, and S/N for each band as well.
This is an important file for redshift estimations/selection techniques. Similar to
the previous tables, it contains information about the output/measured charac-
teristics of the detected objects. It also encloses all the magnitudes in different
bands, so it is especially useful for photometric estimations. Unlike the other
two tables, this is not an ASCII file as that is not efficient because it is resource
intensive.
4.6.5 Plots
Our code also produces a plot of the completeness and two extra plots if the ’dropouts’
parameters is set to ’True’. The first plot corresponds to the completeness function (or
recovered sources) C(m) as a function of the magnitude and the redshift. The second
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and third plot are the S(z,m) and S(z,m)C(m). This is only produced in case the
dropout technique is applied, but given the tables produced by GLACiAR , it is easily
calculable with the final catalogues. Examples of these plots can be in seen in Chapter
5, in Figures 5.1 and 5.3.
4.7 Redshift Selection
An important feature of GLACiAR is the option of applying a selection technique or
another type of redshift estimation. Since the information used to estimate redshift
relies on the magnitude in each/any of the bands in which the survey is taken, the
information given by the software is what the user needs.
With the produced catalogues (see Section 4.6.4), most of the commonly used tech-
niques can be performed in order to estimate the redshift.
We provide the selection adapted from Bouwens et al. [2015b] and Bernard, Carrasco




J125 −H160 > 1.5
4.8 Modules
The code is made of several modules which are called by a main module, completeness.py.
A description of them follows.
• write_conf_files.py: This module is used in run_sextractor.py, and it reads
the SExtractor parameters file (see Section 4.5.1), which contains the require-
ments to identify the sources. Following that file, it writes new temporary config-
uration files for each band. These are used when SExtractor is run.
• run_sextractor.py: This module is called by completeness.py, and it calls
write_conf_files.py to write the SExtractor parameters file for each band. It
then distinguishes between the detection band and the other bands. It runs the
first on the detection band, identifies the sources, and runs then SExtractor in
dual mode. This means that the photometry is performed on the location of the
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sources found in the detection band. This is crucial so then all the sources can be
compared and have their information in all the bands.
• creation_of_galaxy.py: This module performs most of the mathematics pro-
cesses involved in the code. It calculates the flux for each of the pixels following
the Sérsic profile. Accordingly, it performs all the required operations for the pro-
file. It also generates the random positions for the simulated sources, generates
the mock spectrum and calculates the expected flux for that spectrum in a given
band.
• blending.py: It identifies the detection and blending status of a source. It does
this by comparing segmentation maps, the ones from the original science image
and the ones with the simulated sources. It also extracts information from the
catalogues when needed in order to compare magnitudes for the blending status.
It runs for each iteration, so it retrieves a list with all the galaxies in that iteration
and their status.
• dropouts.py: If the parameters dropouts is set to ’True’ by the user, this module
is called by blending.py. This is a more specific module as it is only useful in case
of dropouts. The one we include has the selection criteria from BoRG Bernard,
Carrasco et al. [2016], but it can be modified. It receives information on the
magnitudes and status of all sources and then, depending on their colours and
signal-to-noise, classifies the objects.
• plot_completeness.py: This module produces the plots. It always produces
the plot of C(m) as a function of redshift and magnitude. Depending on the
requirements by the user, it will produce a plot of S(s,m) and S(s,m)C(m) as
well.
• completeness.py: This is the main module that runs the code. This module
manages the files and calls creation_of_galaxy.py to perform the mathematical
operations in order to calculate the flux for the simulated galaxies and expected
magnitudes. It also calls run_sextractor.py to run the source identification
software on the images as well as plot_completeness.py in order to produce
plots. On its own, this module produces the features of the artificial galaxies
according to the input parameters (see Section 4.5.2). It opens the images, creates
the stamps with the calculated fluxes, places the galaxies in the given positions,
and adds them to the science images. Then it calls the module to run SExtractor,
and records the statistics regarding the recovery of sources and also the individual
status and extracted properties of the simulated objects. It then produces the
final tables and plots.
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4.9 Application of GLACiAR to HUDF12
In this Section, we present the application of the code to the Hubble Ultra Deep Field
2012, [UDF12 Koekemoer et al., 2013, Ellis et al., 2013] and study the source recovery
here.
4.9.1 UDF12
The UDF12 campaign is an extension to the HUDF observations (see Section 3.2 for
a description of HUDF) which covered an area of 11.0arcmin2. The previous survey
(UDF09 hereafter) comprised observations in the four HST bands, F105W, F125W,
F140W, and F160W. UDF12 doubles the exposure times and quadruples the exposure
in the F105W filter. From the combination of the new exposures and from reprocessing
the previously obtained observations, the 5σ limiting magnitudes achieved are ofm105 =
30.0, m125 = 29.5, m140 = 29.5, and m105 = 29, 5 (AB magnitudes,as measured in 0′′.4
diameter apertures). The main goal of the UDF12 observations was to find high-redshift
galaxies, improving the UV continuum slope at z ∼ 7− 8 and creating new samples of
gaalaxies at z ∼ 9− 10.
4.9.2 Results
We study the completeness C(m) of the survey for the redshift range m160 = 24.0−32.0
using GLACiAR default parameters. In Figure 4.6 we can see a steady and slow fall of
the completeness fraction up to magnitudes of m160 ∼ 29.8, after which it shows a more
about drop from C(m) ∼ 0.6 to C(m) ∼ 0.0 in about 1.5 magnitudes. It is important
to note that the 50% occurs at magnitude m160 = 30, which is 0.5 magnitudes fainter
than the 5σ detection limit. In general, this is the results we expected. An interesting
result is that the completeness fraction does not go above & 0.8. We conclude that this
is due to the field and our blending conditions. Because the magnitude limit of this
field is deep (m160W ∼ 29.5), the images are more crowded. Therefore, artificial sources
placed on top of real sources are more likely to considerably change their flux and be
classified as blended not recovered.
In order to study the redshift selection function S(z,m) and C(m)S(z,m) we require
a dropout selection criteria. We follow the literature for z ∼ 10 galaxy candidates in
UDF12 and adapt the compilation from Bouwens et al. [2015b]. We use one colour cut,
a non-detection condition and a minimum signal to noise for the identification band.
Our final criteria is summarised below.
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Figure 4.6: Completeness as a function of the magnitude C(m) calculated by GLACiAR for the
band filter F160W in the UDF12 field (purple solid line). The blue dashed line corresponds to
C(m) = 0.5.
1. S/N105 < 1.5,
2. S/N160 ≥ 8,
3. (m125 −m160) > 1.2,
Although this can be considered a basic model, and it can certainly be changed
by making a more exhaustive choice of the redshift selection criteria. For example,
including cuts in the colour JH140 −H160 or refinements for the colour J125 −H160.
The results are shown in Figure 4.7. As it can be seen here, the highest recovery
fraction is around 0.4. This is due partly to the condition of non-detection in F105W ,
S/N105 < 1.5. This excludes a large fraction of galaxies that might have some flux
in this band. Furthermore, as discussed above, UDF12 is a very crowded field. The
artificial colour of galaxies are more likely to be affected by nearby sources. We also
think this is why galaxies at brighter magnitudes show a smaller fraction of recovered
dropouts. This is something that can be solved by changing some of the deblended
parameters. As expected, S(z,m) is noisy for faint magnitudes (m160 & 30.8), and this
is because this fraction is computed only over the small fraction of artificial galaxies
recovered at this magnitude.





































































Figure 4.7: Dropout selection for UDF12 produced by our GLACiAR for a selection criteria
aimed at finding z ∼ 10 galaxy candidates. The top panel shows the dropouts found from all
the artificial galaxies inserted (C(m)S(z,m)). The bottom panel shows the dropouts found
from the recovered artificial galaxies inserted (S(z,m)).
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Configurations Fraction n = 1 Fraction n = 4 beta_mean R_eff
Config_1 0.5 0.5 −2.0 1.075
Config_2 1.0 0.0 −2.0 1.075
Config_3 0.0 1.0 −2.0 1.075
Config_4 0.5 0.5 −1.8 1.075
Config_5 0.5 0.5 −2.6 1.075
Config_6 0.5 0.5 −2.0 2.0
Config_7 0.5 0.5 −2.0 0.5
Table 4.5: Configurations with different sets of parameters of GLACiAR.
It would be interesting to produce a larger range of parameter sets covering more
values for all the properties changed in Table 4.5. This can be done with GLACiAR in a
very clear manner.
As it can be seen in this example, applying GLACiAR to UDF12 is straightforward.
The parameters are easily changed as well as the dropout selection criteria. This can
be useful when comparing results and choosing selection techniques.
4.9.3 Assumptions
An interesting point is to check how much the recovery fraction changes depending on
the assumptions made regarding morphology, spectral energy distributions or sizes. In
order to do this, we run the simulation for different configurations, which are listed in
Table 4.5.
The results of the recovered sources for each one of the configurations are show in
Figure 4.8. As we can see, the parameter configurations we tested for assumptions
regarding the properties of the artificial galaxies do not produce big changes in the
completeness results, C(m). This is expected as we chose realistic sets of parameters,
with no extreme cases. The biggest differences are produced when applying the config-
urations that vary the size of the mock galaxies, Config_6 and Config_7. We attribute
this to the fact that smaller galaxies will be easier to identify with GLACiAR as the flux
concentrates in the central pixels, helping avoid contamination of flux from other sources
since the galaxy will spread out over fewer pixels. Another interesting result is that the
variation in β does not change the results for completeness in a considerable manner,
being almost identical at fainter magnitudes. For brighter magnitudes, m160 & 29.5,
the smaller β yields a slightly larger fraction of recovery. In the case of galaxy Sérsic
indices, they overlap in 2 magnitudes, having different results in terms of the largest
recovery fraction for different magnitude ranges.
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Figure 4.8: Completeness as a function of the magnitude C(m) calculated by GLACiAR for the
band filter F160W in the UDF12 field for different sets of parameters. These configurations are
described in Table 4.5.
4.10 Limitations
GLACiAR was created to be implemented in HST multi-band imaging galaxy surveys
focused on high-redshift (z & 6) Lyman-break galaxies. It can certainly be used for
other types of surveys. However, it is important to discuss its limitations.
GLACiAR is tailored for higher-redshift galaxies. When a galaxy is simulated, its
spectrum is a smooth slopped UV source with a strong break. Parameters such as the
location of the break or the slope are chosen by the user. This spectrum is aimed at
reproducing star forming galaxies at high-redshift (z & 6). Features on the spectrum
such as the nebular line emission present in some high-redshift galaxies are not accounted
for and therefore GLACiAR might not produce accurate results.
The code is also not optimised to generate samples of very compact galaxies, i.e.,
galaxy stamps for cases where the effective radius of the galaxy is similar to the pixel
scale. In these cases, the flux will be concentrated in only a few pixels and their
identification will become difficult.
The assumptions made by our code, such as assuming all the galaxies will present the
Lyman break, or the lack of emission lines, among others, are not what it’s observed in
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the sky. However, it is important to note that as long as the simulated galaxies mimic
the galaxies in the survey and the selection technique is the same, GLACiAR will do a
good job indicating the fraction of recovered galaxies.
4.11 Future
GLACiAR is a completeness simulation tool that can be applied to different surveys. The
parameters of the code can be easily adapted to fit the requirements of JWST. As the
majority of high-redshift galaxy surveys can use our code, comparisons and studies can
be more easily performed and better understood.
The main additions or modifications planned for the future of GLACiAR are the in-
corporation of strong gravitational lensing (explained below), and the replacement of
SExtractor by photutils [Bradley et al., 2016]. This is a package of Astropy that
provides tools for detecting and performing photometry of astronomical sources. The
inclusion of photutils is motivated by the fact that it is a python module, therefore
GLACiAR would not depend on using any external software.
Another modification that would make the code apt for an even wider range of surveys
is incorporation of flexible spectra. Instead of only allowing for Lyman-break galaxies,
it is possible to change the code and allow for the spectrum to be an input. This would
make the code better suited for low-redshift galaxies or certain populations of galaxies
with special features in the spectrum.
An interesting exercise would be the application of GLACiAR to synthetic JWST ob-
servations. This can be of particular relevance for planning future observations as it
can help constrain the number of expected galaxy candidates, for example.
4.11.1 Lensing
An important addition to the code will be the incorporation of the strong gravitational
lensing phenomenon. This event affects the observed properties of the galaxy that is
behind a lens.
This is relevant as several successful surveys focus on finding galaxies that are being
lensed. This gives us insight into objects that are intrinsically faint, and that in many
cases we would not be able to observe. The gravitational lensing effect will not only
change the observed properties of the galaxy, but it will also affect the observed volume.
This can no longer be directly estimated, because the massive object in between acts as
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a natural telescope, changing the observed volume. It now depends on the gravitational
potential well, which will also depend upon other features. Therefore observing behind
massive objects such as galaxy clusters gives as an insight into this population.
4.12 Summary
GLACiAR is an algorithm developed in order to have a unified tool for completeness
estimations in galaxy surveys. Today, all the galaxy surveys that have been performed
have their own way of estimating the completeness which can prevent us from fully
understanding the missing galaxies and the resulting statistics. Our goal was to solve
this problem by creating a Python-based open source easily adaptable for different
surveys that can do that. The relevant part is that it not only can be applied to current
surveys, but that it can be used for the future surveys carried out by HST.
We have described how the algorithm GLACiAR works, providing a detailed description
of the steps involved in the code, the required parameters and files, the output files,
the output tables and what they can be used for. We describe how the galaxies are
created, giving details on the luminosity profile, the size, the magnitude, etcetera, and
how these are measured by GLACiAR. We have also tested the code on the HST UDF12
observations. After this, we are ready to implement and apply this code to our data set
from BoRG[z8] and our corresponding high-redshift galaxy candidates.
Future improvements to the code include the incorporation of the strong gravitational




Celestial objects such as stars, quasars, and galaxies have an intrinsic luminosity
that correlates with certain physical properties. The luminosity function describes the
probability of finding an object of a given luminosity per unit volume, and is one of
the most fundamental observable properties in astronomy. The work presented in this
chapter is focused on the luminosity function of galaxies, which has a wide range of
applications in Astrophysics, including understanding galaxy formation and evolution.
In this chapter, we first present an introduction and formal definition of the luminosity
function. Afterwards we present the Schechter function, which is an analytic expression
widely used to fit the shape of the luminosity function. We also discuss its evolution with
redshift and its implications. We then summarise the main results at higher redshifts,
z & 7, with emphasis on recent findings, particularly with HST. Afterwards, we present
our measurement for the galaxy luminosity function at z ∼ 10, which is obtained by
using the galaxy candidates from Bernard, Carrasco et al. [2016] (see Chapter 2) with
data from BoRG[z8]. We use our code, GLACiAR (see Chapter 4) in order to estimate the
completeness and dropout selection function we obtain with these galaxy candidates.
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With these values we can calculate the effective volume and, from it, our own improved
estimate of the luminosity function. We then compare our results to the results obtained
in the Bernard, Carrasco et al. [2016], where they used the same galaxy candidates but
a different completeness simulation. We finally summarise our findings in Section 5.2.
5.0.1 Fitting the Luminosity Function
Fitting the luminosity function is a complex task. Its challenges include the flux-limited
samples of galaxies, the observational bias, and the need to distinguish between physical
and observational variations, among others. Consequently, the methods need to take
this into account.
Different approaches can be taken in order to measure the luminosity function. They
can be divided into two categories, parametric and non-parametric. A parametric ap-
proach has benefits such as being relatively simple easy to implement, but it has some
disadvantages as well. In particular because it assumes the luminosity function has a
shape that can be analytically represented. As an alternative to this approach there
are non-parametric methods, where no shape is assumed. The most basic toy-model
estimator is part of this category, where the luminosity function is estimated by just
counting the number of objects in a certain volume, i.e. φ = N/V .
All methods have their advantages and disadvantages. Parametric methods such as
Sandage et al. [1979] assume a form of the luminosity function, which is sensible but has
not yet been confirmed. On the other hand, the problem with non-parametric maximum
likelihood is the amount of free parameters and the increased computational challenge.
Below we summarise the main methods for fitting the luminosity function.
The Classical Method
The classical method uses the number of objects inside a given volume Φ = N/V . It
was used in the first studies regarding luminosity functions [van den Bergh, 1961, Kiang,
1961], but it was only explained more formally later on [e.g. Schechter, 1976].
As its name suggests, this is a basic method that was used in the first studies of the
luminosity function. It consists of estimating the volume of the sample up to a certain
magnitude limit mlim, which is given by the depth of the survey. The volume depends
on the absolute magnitude, V (M). Then the number of galaxies is divided in bins of





dMVlim = Φ(M)Vlim (5.1)
This estimator is very limited, as it assumes that the sources are uniformly distributed
in the Universe. Furthermore, it does not take into account the position in the bin, losing
valuable information. Most of the standard non-parametric approaches used in order
to measure the luminosity function are variations of this method.
5.0.2 V/Vmax
This method is based on the classical method explained above. It was first proposed by
Schmidt [1968] in a flux limited sample of quasars. It consists of performing a sum over
the N objects in the sample, divided by Vmax, which is a maximum volume over which
an object at a maximum redshift could be observed. Vmax is the maximum volume for
each galaxy, and it depends on the survey limits, distribution of sources in space and







Sometimes, this method is referred to as V/Vmax [Wall and Jenkins, 2012]. V is the
volume that corresponds to the actual redshift at which a source is observed. Therefore,
V/Vmax is a measure of the position of the source within the observable volume Vmax
or fraction of the available volume occupied by the source. The value V/Vmax can take
values between 0 and 1. Therefore, it is easy to see that this method is a type of
weighted histogram. It is important to note that V/Vmax estimates the actual limit of a
survey, and calculating it can be difficult. This method in particular considers a weight
inversely proportional to the luminosity of the object which statistically compensates
and corrects for incompleteness.
Advantages of this method include the fact that the errors for different bins are not
correlated and they are easy to calculate, and it is a good approximation if the size
of the bins is small. In terms of the disadvantages, there is loss of information when
summing over all the sources in a luminosity or magnitude bin, also, the sources are
distributed in space in an even or uniform manner. As this is not true, some adaptations
are required when using it.
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φ/Φ Method
The term φ/Φ was introduced by Binggeli et al. [1988], but the actual method was first
proposed by Turner [1979] and Kirshner et al. [1979]. It aims to consider the spatial
inhomogeneities that would otherwise distort the parameter φ(M). The basic idea is
to measure the ratio of the number of galaxies with absolute magnitudes between M
and M + dM to the total number of galaxies brighter than M in volume dV at a
given location. Using these definitions and calculations that are out of the scope of
this thesis, one can arrive at the conclusion that the ratio of φ/Φ is independent of any




dM ′ = logΦ(M) (5.3)
This method is in principle non-parametric, but many of the studies do assume a
parametric shape for φ(M), which is normally the Schechter form.
This technique is used because of its relative simplicity. One of the main advantages
is that it takes care of the inhomogeinities in the distribution of galaxies. However, there
is a large statistical noise associated with φ/Φ which is a considerable disadvantage.
Maximum Likelihood Estimator
First proposed by Sandage et al. [1979], the Maximum Likelihood Estimator (MLE, or
sometimes referred to as STY) is widely utilised. It assumes a parametric model of the
luminosity function. As mentioned before, the most popular of these parametrisations
is the Schechter function [Schechter, 1976].
This approach is similar to the previous one, φ/Φ. They both consider a quotient in
order to cancel the density function out. In this case, the number of galaxies brighter
than a certain absolute magnitude M is divided by the total number of galaxies at a
given distance or redshift. This corresponds to the probability that a galaxy at a certain
distance is brighter thanM . This probability has to first be converted into an analytical
expression with parameters to be fixed by a maximum likelihood technique in order to
calculate the luminosity function φ(M).
The most common approach here is to assume spherical symmetry. This way density
function doesn’t need to be removed and it can be solved at the same time as φ(M).
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This method relies on the fact that a specific form of the luminosity function can be
assumed and the data can be fit to such a form.
The C-Method
Developed by Lynden-Bell [1971], the C− estimator is a maximum likelihood method.
It was applied to a sample of quasars by Jackson [1974] and a revised version was
proposed as a good method for galaxies by Choloniewski [1987]. This method consists
of producing a cumulative luminosity function with discrete jumps at the location of
each galaxy. From there, it is possible to recover the integral luminosity function from
where the differential luminosity function can be obtained.
The advantages of this technique are that it does not involve underlying assumptions
on the distribution, and neither does it require binning.
Assumptions in this method are spherical symmetry, that the luminosity function
has the same form throughout the whole line of sight, and that the sample should be
ordered in luminosity.
Step-wise maximum likelihood
The Step-Wise Maximum Likelihood [SWML; Efstathiou et al., 1988] can be defined
as a non-parametric equivalent of the MLE method. It was created to overcome the
inconvenience of the MLE technique of being unable to test how well a parametrisation
fits the data. This method parametrises φ(M) as a series of N steps, and it provides a
suitable representation of the data.
This is popular technique, used also by Finkelstein et al. [2015] to obtain their lu-
minosity function measurements. They also use a parametric version and compare the
results, which are in good agreement. A SWML approach is considered in Bouwens
et al. [2015b]. Its advantage is that it does not rely on the assumption of a simple func-
tional for φ(M) and it allows the incorporation of effects such as sample incompleteness
[Willmer, 1997].
5.1 Our Results
We can now use our completeness simulation estimator, GLACiAR (see Chapter 4) com-
bined with the galaxy candidates from the BoRG survey (see Chapter 2) in order to
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estimate a new point in the bright end of the luminosity function at z ∼ 10.
5.1.1 Completeness
Completeness simulations are necessary when measuring the galaxy luminosity func-
tion. The characteristics of the survey, where the galaxy candidates are found, and the
selection technique used have an impact on the amount of selected candidates. This
will have a direct impact on the luminosity function measurements. Therefore, the
completeness of the sample has to be determined and added to the number count.
The most common approach for estimating the completeness involves adding artificial
galaxies and studying their recovery fraction. These artificial galaxies can be modelled
in different manners. The two main techniques consist of creating artificial galaxies
where the flux is determined by the luminosity profile, with the other method using
images of real galaxies and matching their features to the galaxy candidates. Our code
uses the former approach, modelling artificial galaxies following a Sérsic profile [Sérsic,
1968].
5.1.2 Application of the Code
We refer the reader to Chapter 4 in order to understand the functioning of the code
presented in this thesis. As a brief summary, GLACiAR estimates the completeness
of a galaxy survey C(m) by creating artificial galaxies following a Sérsic brightness
profile [Sérsic, 1968] and adding them to the observed images of the survey. These
sources have different redshifts and magnitudes. Then, a source identification software
[SExtractor Bertin and Arnouts, 1996] runs over the original and simulated images
producing catalogues with the identified sources. These catalogues are then compared
in order to measure the fraction of recovered objects. A redshift selection algorithm
can also be applied over these catalogues to find galaxies at a certain redshift. The
fraction of recovered galaxies at that redshift versus the galaxies that actually exist at
that redshift S(z,m) can be also estimated with our code.
In order to apply the code, we write a list with the fields that form the survey, which
is described in Chapter 3. We then fill out the parameters file with the features of the
artificial galaxies we require.
The following table contains the parameters we used to run the program:
As detailed in Chapter 3, the survey used four bands: H160, J125, Y098, and the optical










































Table 5.1: Summary of the parameters used to run GLACiAR on the BoRG[z8] survey.
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band V600 or V606. The fact that some fields have a different optical band means that it
is more efficient to run the code twice: one for the fields taken with V600, and another
one for the fields taken with V606. We run the code for two sets of fields, depending on
the optical band available for them. In Table 5.1, we show the parameters file used for
the group of fields that have V606 band observations available.
As we explained before, the galaxy search performed here is the one carried out by
Bernard, Carrasco et al. [2016], aiming to find galaxies at z & 10. Therefore, we ask for
a spectrum slope β Gaussian distribution with a mean of mean = −2.2, and a standard
deviation of σ = 0.4. This is a number for high-z galaxies supported in studies such
as [Bouwens et al., 2015b]. We also do this to compare with the previous simulation
performed for the same survey with slightly different code.
5.1.3 Completeness C(m)
The results we obtain for the completeness for one of the fields, borg_0440-5244, are
shown in Figure 5.1. Since we have access to their results, we use this field as an
example to compare to the results in the figures from Bernard, Carrasco et al. [2016].
As expected, the completeness only depends on the magnitude and not on the redshift.
This is because the recovered magnitude will only depend on the final input magnitude
in the detection band which is independent from the redshift.
In Figure 5.2, we show a slice at redshift z = 10 of the completeness C(m) to help
visualise it more clearly. The value of the completeness goes up to ∼ 90% for the
brightest galaxies. This means that even at such bright magnitudes, not all galaxies
will be detected. This is because the likelihood of detection a galaxy is not only a
function of the magnitude as there are other phenomena that play a role. To analyse
the reasons we have undetected sources we look into their status, and we see that the
majority of them are blended with another source, primarily a brighter one. Therefore,
according to the definition of successful recovery adopted in GLACiAR , we will never be
able to recover 100% of the galaxies at any redshift. The fraction of recovery stays stable
(variations of ∆C(m) . 5) up to mH160 = 25.2, dropping to 80% at mH160 = 25.6, 70%
at mH160 = 25.8, and 20% at mH160 = 26.2, being technically 0 for mH160 & 27.0. At a
magnitude of mH160 = 26.0, the detection is of C(m) = 47%, and extrapolating, we find
that C(m) = 50% is reached at a magnitude of aboutmH160 = 25.98. It is interesting to
note that according to the Hubble Space Telescope Exposure Time Calculator (ETC),
this signal-to-noise limit is achieved at a magnitude of mH160 = 26.1 for a source
with the characteristics given above. These two limits, our 50% completeness and the
magnitude given by the calculator, are shown in Figure 5.2 in blue and red colours,
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Figure 5.1: Completeness C(m) as a function of the redshift z and the intrinsic magnitude m.
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Figure 5.2: Completeness C(m) as a function of the redshift z and the intrinsic magnitude m
for z = 10.
respectively.
5.1.4 Dropouts S(z,m) and S(z,m)C(m)
The results after the dropout selection criteria described in Chapter 2 is applied are
shown in Figure 5.3. As with Figure 5.1, these results are only for one field, borg_0440-
5244, which is chosen for comparison purposes. The rest of the fields show similar
results. The figure shows the selection function results out of all the inserted objects
C(m)S(z,m) and out of only the recovered objects S(z,m).
As we can see, the recovery fraction over all the galaxies S(z,m)C(m) reaches a
maximum value of 64%, which is at brighter magnitudes (mH . 25.5) and at a redshift
of z > 10. At fainter magnitudes, the selection function recovery drops, finding almost
no objects after m ∼ 26.5. However, if we only consider the objects found with the
redshift selection only from the recovered objects, i.e. S(z,m), we see things somewhat
differently. Recoveries are still happening at faint magnitudes, m & 26.5. In particular,
there is a high value for a magnitude of mH ∼ 27.5. This can be explained because of
the few objects that were recovered at that redshift, and from those few, most of them
were found in the correct redshift range. This is more related to a small likelihood of
recovering objects at that magnitude rather than having particularly complete samples.
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Figure 5.3: Dropouts selection plots produced by our code for the BoRG field borg_0440-
5244 for redshift z ∼ 10. The left panel shows the dropouts found from all the galaxies inserted
(C(m)S(z,m)), while the right panel shows the fraction of recovered dropouts (S(z,m)) for
artificial sources that are successfully identified in the detection band. Note that the right
panel becomes noisy for mAB > 27.0 since S(z,m) is computed only using the small number
of faint artificial galaxies that are identified with success. The left panel does not suffer from
such noise, instead.
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i.e., it is noise. In terms of the redshift dependence, things do not change considerably
In the case of S(z,m), the maximum value is more of the order of ∼ 80%, and higher
values go up to fainter magnitudes than S(z,m)C(m). This is expected as it means
that the objects that are being recovered at this magnitude are actually real dropouts
instead of contaminants or dropouts with altered photometry.
5.1.5 Effective Volume








where dV/dz is the comoving volume at that redshift, escalated by the area of the
survey. We can calculate this in a discrete manner for each magnitude bin. C(m) is
the completeness fraction of the survey for a given magnitude. This is calculated by
GLACiAR. The function S(z,m) is the recovered fraction of objects for a determined
magnitude and redshift. This can be calculated directly by GLACiAR if the selection
technique used is dropouts, and if not, all the information needed for it is given to the
user. The users only need to apply their redshift selection method and obtain these
parameters. Actually, our code can give the fraction S(z,m)C(m) directly, which is the
number of dropouts for a given redshift over the number of detected sources at that
magnitude.
In order to calculate Veff (m), the value of dV/dz is required. Following the cosmo-
logical concepts from Hogg [1999], the comoving volume VC is the volume factoring in
the expansion of the Universe. Therefore, it is the volume that encompasses a number
density of non-evolving objects locked into Hubble flow that are constant with redshift.
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This work
Figure 5.4: Effective Volume of the BoRG[z8] survey calculated as a function of the apparent
magnitude in the H band mH . The green dashed line corresponds to the results from Bernard,
Carrasco et al. [2016], and the purple solid line is from this work.
with c being the speed of light, and H0 the Hubble time; DA is the angular diameter
distance, which corresponds to the ratio between physical and angular size; and E(z)
is a function which is defined by the redshift and cosmological parameters as follows:
E(z) =
√
ΩM (1 + z)3 + Ωk(1 + z)2 + ΩΛ (5.7)
All these parameters depend on the adopted cosmology.
Using the equations described above, we calculate the volume dV/dz and scale it by
the area covered by the survey. We do this for every magnitude bin and in this way, we
obtain the results shown in Figure 5.4
We compare our results in terms of the calculated effective volume Veff (m), which
we get following equation 5.4. The value for S(z,m)C(m) has been given by GLACiAR,
from all the fields combined. We can calculate dV/dz, with the volume of the survey
as a function of the apparent magnitude m. The results from our simulation are shown
in Figure 5.4 (solid purple line) compared to the results in Bernard, Carrasco et al.
[2016] (green dashed line). As expected from our comparison regarding the selection
function recovery results (see Section 5.1.4). GLACiAR obtains a smaller volume for
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brighter magnitudes mH160 = 24.0 − 25.3 with values of about Veff (mH160 = 24.0 −
25.9) ∼ 7× 105Mpc3. The values drop more abruptly for fainter magnitudes, reaching
an effective volume of Veff (mH160 = 26.5) = 7 × 104Mpc3, and dropping to zero for
fainter magnitudes. On the other hand, Bernard, Carrasco et al. [2016] results reach
a value of Veff (mH160 = 24.5) ∼ 9 × 105Mpc3, which then declines in a more gradual
fashion, crossing lines with our results at mH160 = 25.3 and continue decreasing up to
mH160 ∼ 26.5 and beyond, where it is similar to what we obtain.
We are unable to determine which code is correct since there is no point for an
absolute comparison. However, we can explain why the differences originate, which is
mainly due to how we classify blended objects. We placed objects in the same position
as a simulation from Bernard, Carrasco et al. [2016] and examined their recovery status.
The only difference was produced by the sources that were classified as blended in one
of the codes. The code used in Bernard, Carrasco et al. [2016] considers blending
only based on the distance between the two objects. This distance is measured from
the central position found by SExtractor . In the case of GLACiAR , the blending is
measured considering the segmentation maps, comparing positions, overlap of sources,
and flux loss (see Section 4.4.5 for a detailed explanation). Brighter objects tend to
cover more pixels and therefore the method used in Bernard, Carrasco et al. [2016]
would not account for that and can potentially consider objects not blended because
they are at a certain distance despite them overlapping in the image. GLACiAR , on
the other hand, does account for this by using the fraction of flux loss and overlapping
pixels. This is why we recover fewer brighter objects but more fainter objects. The
decline of the curve and virtual no recovery of sources is due to the magnitude limit
of the survey, with the noise causing faint sources to blend in. Given the lack of any
other public code for completeness and source recovery simulations, it is not possible to
investigate further the discrepancies observed here.
Intrinsic versus observed magnitude
It is important to note that the calculations we do here are all as a function of the
intrinsic magnitude, which in GLACiAR would correspond to the input magnitude. When
observations of a galaxy are made, the magnitude we measure is the observed magnitude,
which might be different from the intrinsic magnitude. In Figure 5.5 we can see that
the observed magnitude tends to be fainter than the intrinsic magnitude. The effective
volume is a function of the magnitude, therefore the magnitude we use is significant.
When the calculations for the luminosity function with galaxy candidates are made,
the effective volume is one of the parameters used here hence the manner in which
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Figure 5.5: 2D histogram showing the input magnitude versus the output magnitude for
simulated galaxies in the BoRG[z8] survey. The black line shows where magnitudes are equal.
The scale for the amount of objects is logarithmic. It can be seen that the majority of the
sources are recovered at fainter galaxies, with the difference ranging between 0.2 − 0.5, which
increases with fainter magnitudes. After mH160 ∼ 26.5 there is only spurious sources since most
of them are not recovered.
Veff (m) is calculated will directly impact the results. Since the calculations for the
luminosity function are made with the observed magnitude of the galaxy candidates,
ideally we would want to have our results as a function of the observed magnitude as
well. However, the amount of objects inserted with a certain observed magnitude is not
a quantity we can measure. Therefore, in order to calculate our results as a function
of an observed magnitude, we must take a different approach. We define the following
quantities:
φint(mint, z): LF intrinsic at redshift z.
ε(mint,mobs, z): probability of recovering a magnitude mobs for a source with mint
at redsift z.
S(mint,mobs, z): Probability of redshift selection for a source with mint and red-
shift z that is recovered as mobs and redshift z.
Nobs(mobs): Number density of galaxies at mobs.
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φint(mint, z)ε(mint,mobs, z)S(mint,mobs, z)dzdmint (5.8)
We fix z and define CS(mobs) (completeness × selection) such that





φint(mint, z)ε(mint,mobs, z)S(mint,mobs, z)dmint
φint(mobs)
(5.10)
As can be seen, this depends on the LF shape. Using a regular function like the
one from Mason et al. [2015] results in considerably different results than a flat LF, for
example. This is an important issue for future work. When assuming a flat shape, we
get results that are very similar to what we obtain when using the mint. The user has
available all the resources in case they want to calculate it in a different manner.
5.1.6 Luminosity Function
The luminosity function is calculated with the three galaxy candidates from BoRG[z8]
described in Section 3.6. We plot the results obtained with our code for these galaxy
candidates, and the results with the same candidates but with a completeness simulation
performed using the code explained in Oesch et al. [2014] along with previous studies
on the luminosity function with different data. The final plot can be seen in Figure 5.6.
The values we obtain for the LF are listed in Table 5.2. From the figure, the red star
corresponds to the point estimated with the 3 BoRG candidates, while the other 2 red
arrows show upper limits estimated from the lack of candidates. The error bars are 1σ
Poison errors, and limits are 1σ upper limits.
§5.1 Our Results 143


























z ∼ 10 LF (Mason et al. 2015)
z ∼ 10 LF (Wilkins et al. 2017)
z ∼ 10 LF (Yung et al. 2019)
This work
Bernard et al. (2016)
Calvi et al. (2016)
Bouwens et al. (2015)
Bouwens et al. (2016)
McLeod et al. (2016)
Figure 5.6: Step-wise UV LF at z ∼ 10. The red star and upper limits correspond to the
calculations with our new volume and galaxy candidates from Bernard, Carrasco et al. [2016],
whose points are in orange and shifted 0.1 magnitudes in order to compare them. The other
values are Bouwens et al. [2016], Bouwens et al. [2015b], Calvi et al. [2016], McLeod et al.
[2016], The overplotted gray line indicates the z ∼ 10 LF from the theoretical model of Mason
et al. [2015], with shaded region being the 68% contour of its φ∗ uncertainty. We also present
the predictions for the LF from hydrodynamical simulations [Wilkins et al., 2017], and a semi-
analytic model [Yung et al., 2019]. Our new effective volume estimations from GLACiAR reduce
the BoRG’s survey tension with other literature data and theoretical modelling.
5.1.7 Comparison to previous simulations
We have access to both the results and code in Bernard, Carrasco et al. [2016], which
means we can compare our results and understand where differences are generated.
When comparing to the results found on Bernard, Carrasco et al. [2016], we notice
the magnitude dependencies differ. We recover a smaller fraction of objects at brighter
magnitudes, but a larger fraction in the magnitude range of m = 25.3 − 26.5. This is
interesting as this is the range where most of these galaxies are expected to be found.
In our case, we recover a smaller effective volume at magnitudes brighter than 25.3,
while it is larger for magnitudes in the range between m = 25.3−26.5. This is expected
as the only factor that changes in our calculations is C(m)S(z,m), and this is also what
shapes the curve we obtain.





Table 5.2: Values for the luminosity function at z ∼ 10 calculated from the BoRG[z8] data
and GLACiAR simulations.
5.1.8 Validation
There are two small but interesting variations compared to the results obtained by our
code. The apparent magnitudes of the galaxy candidates used to measure the LF are
m160 = 26.1, 26.2, 26.3. This is relevant since the main differences of our code with to
that used in Bernard, Carrasco et al. [2016] are produced in this area (see Figure 5.4).
As mentioned before, our code tends to recover a higher fraction of objects at these
magnitudes, up to 50% more depending on the magnitude. This is due to the different
manner in which GLACiAR classifies a blended object. The main concern that can arise
in this case is that the objects we are recovering are not the objects that were placed
in there in the first place or their photometry has been altered due of a blending that
GLACiAR did not classify as such. However, that these objects are not only detected but
also recovered as dropouts means that the code finds them successfully, and that their
photometry was not modified enough to be removed from the sample.
A second validation of the code is the calculation of the data points for the luminosity
function. Assuming that the candidates found in Bernard, Carrasco et al. [2016] are
indeed high-z galaxies, and that the LF follows a distribution as from Mason et al.
[2015], Wilkins et al. [2017], or Yung et al. [2019], our completeness method brings the
data point lower, placing the lower error bar being inside the 68% confidence on the
estimation of φ. The luminosity function obtained with their galaxy candidates would
be in slightly better agreement with Mason et al. [2015] (see Figure 5.6 and Table 5.2),
from 10−4.7 to 10−4.95 in Number/mag/Mpc3. This is not an extremely large change,
and that is expected as our code follows a similar structure as Oesch et al. [2014] and it
makes similar assumptions. Interestingly, despite the big difference between both codes
in the magnitude range where there BoRG candidates are, the difference in terms of the
measured LF is less considerable.
We are not particularly concerned about the two upper limits as they only show the
highest possible value, but give no insight on the minimum, which is our focus in this
case.
An interesting point made by Grazian et al. [2011] regarding completeness simulations
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when estimating the galaxy luminosity function is that the parameter α has a critical
dependence with the half light radii of the artificial galaxies used for the the simulations.
Our application of GLACiAR to BoRG data is not significantly affected by this issue. In
fact, the faint end is more dependent on the completeness simulations used, while the
bright end is more limited by the amount of objects found [Dunlop, 2013]. And, as
we see in Figures 5.4 and 5.6, the difference in the estimated effective volume does not
impact the LF as much. We can assume from here that variations in the morphology
or spectral energy distribution choices would not change the results prominently.
5.2 Summary
We have given a summary of the luminosity function, including the equations that
describe it, focusing our approach on the Schechter function, which is an empirical
analytic description. This function is characterised by three parameters, which are
calculated according to the observed data. We have given a brief summary of the values
found in the literature for said parameters, and we have discussed the main discrepancies
in them.
We run our completeness simulation code, GLACiAR , and used the galaxy candidates
from Bernard, Carrasco et al. [2016] along with the results for C(m)S(z,m). With
these, we have calculated the effective volume Veff (m) for the BoRG[z8] survey and
therefore we have re-run the calculations for the data for the luminosity function. Our
code shows an improved agreement with Mason et al. [2015] compared to the previous
code, although within the error limits. We are able to understand where the differences
originate, mainly involving the classification of blended sources. This demonstrates the
importance of using open completeness simulations and using a single system in order




The focus of this thesis is high redshift galaxies, with particular emphasis on their
search in galaxy surveys, the study of completeness and recovery simulations, and mea-
surements of the luminosity function.
The main product of this work is an open Python based tool that estimates the source
recovery in galaxy surveys, GLACiAR . A summary of the findings and future work related
to this thesis are described in this Chapter.
6.1 Final Results
We searched for high redshift galaxies (z & 8) in two HST galaxy surveys. After-
wards, we developed a general-purpose, public code to estimate source recovery and
completeness of these galaxy candidates that can be applied in similar cases. With
the information obtained from these simulations and the galaxy candidates from the
surveys, measurements of the galaxy luminosity function can be made. The luminosity
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function is very relevant in the study of galaxies as it can help better understand their
formation, properties, evolution, and, of particular interest, the role galaxies played in
the Reionisation process.
6.1.1 Search for high redshift galaxies
We have performed a search for high redshift galaxies at z & 10 using data from two
surveys, BoRG[z8] and RELICS. The searches and resulting data used are described in
Chapter 3. Both surveys were carried out with HST. These surveys both aim to find
high-redshift galaxies, although their approaches are different. BoRG[z8] looks for the
brightest of the high redshift galaxies by observing random points in the sky, covering
a large total area. RELICS focuses on fields with galaxy clusters, which produce strong
gravitational lensing in the observed area. This phenomenon has a magnification effect
on the objects behind the galaxy clusters, allowing us to observe sources that would
otherwise be too faint to observe.
Our searches were performed using the Lyman break selection technique. This relies
on finding a break in the spectrum of the galaxy known as the Lyman break, which is
produced by the absorption of neutral hydrogen. This absorption occurs at a rest-frame
wavelength of λ < 912 Å, and at λ < 1216 for galaxies at z . 4 [Giavalisco, 2002]. With
our focus at z ∼ 10, we expect the latter break to be present in our candidates.
The selection criteria applied for the surveys has three main features. First, the
requirement of strong signal-to-noise in the detection band. Second, the non-detection
of flux in the bands that are towards the blue part of the spectrum from the Lyman
break. Third is the colour cuts, which measure the strength of the Lyman-break. In
addition to the these criteria, avoiding point-like sources, and a visual inspection, will
leave us with the final catalogue of galaxies.
The initial result of the BoRG[z8] survey was a catalogue of 6 candidates at z ∼ 10.
When further considering the sizes and magnitudes of the candidates, Bernard, Carrasco
et al. [2016] arrived at a sample of 3 candidates.
For the RELICS survey, we find no galaxy candidates at z ∼ 9−10, and 3 candidates
at z ∼ 8. We compare our results to a search carried out using photometric redshifts,
and they have the same results for z ∼ 9 − 10, and find 8 candidates at z ∼ 8. These
candidates include 2 of the candidates we found. The remaining 5 candidates were not
selected by our technique due to the colour cuts criteria, making our selection more
conservative.
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0240-1875_25 0456-2203_1091 0456-2203_1091
R.A. (deg) 40.1195 73.9774 178.1972
Dec. (deg) 18.9726 22.0372 0.9270
m160 26.2 26.1 26.3
S/N160 8.1 8.1 8.0
Stellarity 0.7 0.5 0.0
re 0
′′.13 0′′.24 0′′.23
MAB −21.1 −21.4 −21.2
log10(SFR)Myr−1 1.139 1.259 1.179
Table 6.1: Summary of the high-redshift galaxy candidates from BoRG[z8] and their main
properties.
6.1.2 Recovery and Completeness Simulations
In order to use the galaxy candidates in estimations of the luminosity function, we need
to estimate the effective volume of the surveys. This requires the measurement of the
completeness fraction C(m), and the selection function, S(z,m), corresponding to the
fraction of recovered galaxies at a certain magnitude and redshift. These quantities are
normally computed by performing completeness simulations.
A completeness simulation is usually carried out by including mock galaxies at a
certain redshift z and apparent magnitude m, then studying their recovery using the
selection process used to find the observed candidates. These simulations are typically
done by either including altered images of real galaxies; or by modelling galaxies fol-
lowing a luminosity profile and other given features. These simulations tend to be done
separately for each survey, and no public tool is available, leading to problems when
analysing and comparing data. We follow the galaxy-modelling approach, and write a
Python-based completeness simulation tool, GLACiAR. GLACiAR has been published [Car-
rasco et al., 2018] and is available to the public. This code models galaxies following
a Sérsic luminosity profile and other parameters input by the user, and places them in
the images of a galaxy survey. It then applies a user-defined selection technique, and
measures the completeness C(m) and recovery fraction S(z,m) at different redshifts
and magnitudes by iterating these two properties of the artificial galaxies.
The advantages of having a tool such as GLACiAR include the ability to compare results
for galaxies with different properties, and the flexibility of modelling these galaxies.
Studies of how these properties can affect calculations for the effective volume, and
consequently, the luminosity function, can also be performed.
We applied GLACiAR to two different HST surveys. In Section 4.9 we show its appli-
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cation on the UDF12 field. In Section 5.1.2, we apply the code to the BoRG[z8] survey
and use its results along with the galaxy candidates for new measurements of the LF
at z ∼ 10.
6.1.3 Galaxy luminosity function measurements
The galaxy luminosity function is the count of galaxies per luminosity bin in a given
volume. This is a very important tool to help us understand the evolution and formation
of galaxies and their properties at a given time, among other important questions.
The galaxy luminosity function has been traditionally described by an analytic func-
tion known as the Schechter function. This is described in Chapter 5. At lower redshifts
(z . 7), this function has been studied and constrained to a high level of confidence.
For higher redshift, however, it is only recently taking shape. Recently hundreds of
galaxies have been observed at z ∼ 8, with studies of the luminosity function at this
redshift still underway. Nevertheless, there is general agreement that the luminosity
function is also described by the Schechter function, but constraints on the bright end
in particular are still needed. For again higher redshift, z & 9, there are not yet enough
galaxy candidates, and the study of the luminosity function is a very active topic.
Both our searches aimed at finding candidates at high redshift and using them to
better understand the luminosity function. The two surveys used in this thesis are
complementary, as we can use their results to investigate different parts of the luminosity
function. BoRG is aimed at finding the bright galaxy candidates, while RELICS, due
to the gravitational lensing phenomenon, can potentially find objects with less bright
intrinsic magnitudes.
We used the BoRG[z8] candidates and our completeness simulation tool GLACiAR to
estimate the effective volume and the luminosity function (see Table 5.2). This had been
previously done by Bernard, Carrasco et al. [2016] with the same galaxy candidates
and a different completeness simulation tool. We compare results and find that ours
are improved and in better agreement with theoretical estimations (see Figure 5.6).
Since we have access to the simulations used in Bernard, Carrasco et al. [2016], we can
compare and understand the causes of the differences in our results, which we explain
in detail in Chapter 5. This emphasises the value of an open tool such as GLACiAR for
completeness simulations.
While no suitable candidates were found in the RELICS survey, an upper limit on
the luminosity function can still be calculated. However, lensed fields present a differ-
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ent challenge, with the effects of this phenomenon needing to be incorporated in the
completeness simulation tool. GLACiAR still does not have this capacity, therefore we
abstain from applying it to this survey.
6.2 Future work
The recent result in the findings of high redshift galaxies are pushing towards the ob-
servation of the first galaxies. We can continue expanding on this work.
6.2.1 JWST
The launching the the JWST is expected to drastically improve our capacity to find
high redshift galaxies the same way HST did it when the redshift frontier was z ∼ 2.
First galaxies are expected to have formed at around z ∼ 10− 15, a redshift limit that
JWST is expected to be able to cover. GLACiAR was designed with this in mind, and
therefore is easily applied to fields observed with JWST.
An interesting exercise would be applying GLACiAR to synthetic observations from
JWST to study the source recovery. This can be done to predict the number of expected
galaxies, for example.
Despite JWST capabilities, not all galaxies will be observable. Faint galaxies, which
are likely to have a bigger impact in the Reionisation process, will still be beyond
our reach. Gravitational lensing will still therefore play an important role in finding
additional high redshift galaxies.
6.2.2 Gravitational Lensing
It is clear how valuable a gravitational lensing tool is in the study of galaxies. Surveys
such as CLASH [Postman et al., 2012] and the Frontier Fields [Lotz et al., 2017b]
are good examples. However, it is important to note that the lack of comprehensive
completeness simulations in lensed fields also continues to be an obstacle when studying
the luminosity function.
The lack of high redshift candidates in RELICS is puzzling. Some studies show
consistent results in terms of the luminosity function, for which we would expect more
candidates. One possible explanation is the effective volume covered by the survey
because of effect of gravitational lensing. Therefore, completeness simulations are crucial
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in order to understand the lack of galaxy candidates and discriminate among the possible
explanations.
This motivates the implementation of gravitational lensing capability to our com-
pleteness simulation tool, which is currently in preparation.
6.2.3 Source Identification Software
The source identification software used in this release of GLACiAR is SExtractor. Al-
though this program is fit for purpose, it is an external program run with GLACiAR, which
can increase processing times. To improve the peformance of GLACiAR, future releases
will look to utilize photutils instead [Bradley et al., 2016], which is a Python-based
source identification package.
6.3 Final Remarks
We summarise by reiteraiting that exciting times are ahead with the launch of JWST.
We expect the discovery of galaxies at z & 9 in quantities that will allow us to further
constrain the luminosity function in order to have a better understanding of galaxies,
and our universe.
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